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ĝ  - radial strain, [L/L]
gg - tangential strain, [L/L]
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ABSTRACT
A leak-off test (LOT), commonly known as formation pressure integrity test 
(PIT), is a verification method to estimate the fracture pressure o f exposed formations. 
After cementing each casing string, a LOT is run to verify that the casing, cement, and 
formation below the casing seat can withstand the wellbore pressure required to drill 
safely to the next casing setting depth. Fracture pressure determined from the test is 
used as the maximum pressure that may be imposed on that formation. Critical drilling 
decisions for mud weights, casing setting depths, and well control techniques are 
based upon the result of a LOT. Accurate formation fracture gradient determination is 
critically important.
Although the LOT is a simple and inexpensive test, its interpretation is not 
always easy or straightforward, particularly in formations that give non-linear 
relationships between the pumped volume and the observed pump pressure. There is, 
however, no mathematical model explaining the non-linear LOT behavior. 
Disagreement on determining or interpreting actual leak off pressure from the test data 
among the operators is common.
In this study, a mathematical model using a well-known compressibility 
equation together with material balance concept is derived for the total system 
compressibility to fully analyze non-linear LOT behavior. The system compressibility 
during a LOT was analyzed from five distinct phases: (1) drilling fluid 
compressibility, (2) casing string expansion, (3) borehole expansion, (4) leak 
(filtration) into the exposed formation, and (5) general solution, a combination o f the 
first four phases. A simple and easy to use real time spreadsheet program using MS®
XI
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Excel was prepared to analyze and plot the results o f a LOT for all phases. An 
example showing how the spreadsheet program can be used for analyzing a non-linear 
LOT was presented.
The developed model was verified using field data fiimished by Unocal and 
Amoco petroleum companies and Amerada Hess Corporation. The model accurately 
predicts the observed non-linear behavior of field examples, hi the case o f a non-linear 
LOT, the model also predicts the maximum fix tu re  pressure o f the formation that 
would be observed for the given test conditions without running a test until formation 
fracture.
XU
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CHAPTER 1 
INTRODUCTION
Safety concerns indicate that wellbore pressure at any depth must be kept 
between naturally occurring formation pore pressure and the maximum wellbore 
pressure that the formation can withstand without losing integrity. Therefore, 
knowledge of fracture pressure, which varies with depth, is as important as knowledge 
about formation pore pressure variation with depth. When abnormal formation 
pressure is encountered, the density of the drilling fluid must be increased to maintain 
the overbalance to prevent possible flow of fluids from permeable formations. 
However, there is a maximum drilling fluid density that can be tolerated to avoid 
fracture in the more shallow and weak zones below the casing shoe. This means that 
there is a maximum safely drillable depth into an abnormally pressured zone without 
running another casing string. Determining fracture resistance of the formation just 
below the casing shoe is also a crucial parameter in well control operations because it 
determines the maximum allowable surface pressure. However, the formation fracture 
(rupture or failure) generally occurs in the openhole section before observing casing 
failures.
The fracture pressure is defined as the pressure at which an exposed formation 
will rupture and accept whole drilling fluid from the wellbore. Lost circulation, or lost 
returns, is the consequence of fractured formations. Formation fracture resistance is 
directly related to the weight of the formation overburden, also called the geostatic 
load, at a given depth of burial, the intergranular pressure of the formations, and the 
formation type. Overburden pressure results in lateral stresses in the rock and causes
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sediments to tend to expand laterally. However, this tendency is prevented by the 
surrounding rock.
The plot shown in Figure 1.1 illustrates the possible pore pressure and fracture 
pressure variation with respect to depth. Formation pore pressure, formation fracture 
pressure, and drilling mud density control the maximum allowable fracture pressure at 
some point below the existing casing seat. Thus, knowledge of formation pore 
pressure and formation fracture pressure as a function o f depth is an imperative 






Figure 1.1 Formation pressure, formation fracture pressure, and well pressure 
variation with depth (modified from Bourgoyne et aL, 1991).
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The example shown in Figure 1.2 depicts the relationship between casing 
setting depths and the pressure gradients for a depth of 12,000-ft. As shown, drilling 
fluid density should always lie between the pore pressure gradient and the fracture 
pressure gradient. These two gradients are usually represented by equivalent mud 
density, expressed in lb/gal. Drilling mud densities are chosen approximately 0.5- 
lb/gal above the formation pore pressure gradient to ensure a sufficient trip margin 
when pressure decreases due to upward pipe movement during tripping operations. 
This trip margin value of 0.5-lb/gal provides approximately 200 to 500-psi of 
overpressure on the exposed formation. In Figure 1.2, Point 1 represents the equivalent 
mud density at the target depth that prevents any influx of formation fluid or so-called 
kick fluid into the well. To be able to withstand this fluid pressure without fracturing 
the formation, an intermediate casing string must be run to a depth of 9,200-ft, 
represented by Point 2. The kick margin line, also 0.5-lb/gal less than the formation 
fracture gradient values, limits the drilling depth before running the intermediate 
casing string. A 0.5-lb/gal margin is chosen to prevent lost circulation, due to surge 
pressure while running the drill string. If this design fracture gradient line is not 
honored, lost circulation may occur, resulting in an underground blowout. The 
intermediate casing string must be run at 9,200-ft so that the mud density can be 
increased when going from Point 3 to Point 2, which allows drilling to the objective 
depth. Point 1 (12,000-ft). Similar analysis can be extended to Point 4, requiring the 
setting of surface casing at a depth of 2,700-ft so as not to violate formation fracture 
pressure requirements as shown in Figure 1.2.
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• Pore pressure gradient — 
■ Formation fracture gradient -
-  -Trip margin
-  -Kick margin
Figure 1.2 Typical well design - casing setting depth optimization (modified from 
Bourgoyne et al., 1991).
The mud density selection has significant impact on the drilling program. As 
shown from Figure 1.2, the Path a-b-c-d-e-f is another alternative design choice. 
However, it is obvious that this design requires running an extra casing string to reach 
the target depth. Point a. Of course, this design also results in extra drilling time and 
cost.
If the chosen casing setting depth is too shallow, the shallow formations 
fracture, and lost circulation may result. Because of this, the design of casing setting
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depths depends heavily upon the accurate prediction of the formation fracture 
gradient. The fracture gradient rate change with respect to depth must be confirmed 
during drilling operations; otherwise, the casing setting plans may have to be reviewed 
and changed, resulting in unwelcome situations -  extra cost and time.
1.1 Methods for Estimating Fracture Pressure
Methods for determining formation fracture pressure fall into two groups: (1) 
predictive methods and (2) verification methods. The verification method, or direct 
method, is the main concern of this work and will be introduced in the following sub­
section of this chapter. Initial well planning requires formation fracture data based 
upon predictive methods (generally empirical correlations). Although many different 
methods are available to predict fracture pressure, none are considered a final solution 
due to the complexity of the problem. Since formation pore pressure and overburden 
pressure affect fracture pressure, fracture pressure correlations require the use of pore 
pressure prediction methods, which also require a knowledge of the overburden 
pressure. These techniques assume either a constant overburden pressure gradient (1- 
psi/ft) or a sediment density versus depth curve. The fracture pressure prediction 
methods are not very accurate because the pore pressure and the overburden pressure 
prediction methods also depend on certain assumptions. Due to lack of data, for 
example, a density variation in a shallow part of a well is not well described. It is a 
fact that the pore pressure, the formation fracture pressure, and the overburden 
pressure are regionally dependent. Results obtained for one region might be very 
different than those of others, due to the different geological process histories. Simple 
extrapolation of localized studies to other regions may lead to significant errors.
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Consequently, each area requires study to determine its own formation fracture 
pressure, pore pressure, and overburden pressure vaiiations with depth.
Herein, some of the fracture pressure predictive methods will be briefly 
summarized, as they are not the main concern of this work. The use of stress analyses 
models is the common point of these predictive methods and relies on the study of 
Hubbert and Willis (1957). According to these authors, formations will fracture when 
the wellbore pressure overcomes the summation of the minimum horizontal stress and 
the pore pressure of the formation. All methods, therefore, attempt to determine these 
stresses, taking into account some factors such as geological process and age, depth, 
density, faults, joints, cracks, formation type, formation fluid, cohesive forces, tensile 
stress, compressive stress, elasticity, plasticity, etc. The commonly used predictive 
fracture pressure equations and correlations include (1) the Hubbert and Willis 
equation, (2) the Matthews and Kelly correlation, (3) the Pennebaker correlations, (4) 
the Eaton correlation, (5) the Christman correlation, and (6) the McPherson and Berry 
correlation (Bourgoyne et al., 1991).
Recently, Rocha and Bourgoyne (1996) introduced another prediction 
technique based on a new concept called “pseudo-overburden pressure.” This method 
assumes that the formation fracture is a strong function of depth. In addition, the 
horizontal to vertical matrix stress ratio is assumed to equal one (formations are in 
plastic state), indicating the fracture pressure is only a function of the overburden 
pressure and independent of the formation pore pressure. Then, a function is fitted to 
obtain a relationship between the leak-off test fracture gradient and the overburden 
pressure for different depths in a particular region. Some parameters, surface porosity
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and the porosity decline constant in the overburden pressure equation given by 
Constant and Bourgoyne (1988) are changed until the function coefficients become a 
unity. Once the function is obtained from this technique, a leak-off pressure (LOP) for 
any depth can be calculated for a particular region.
Numerous studies have been conducted in this area, and hundreds have been 
published. None of the methods predicting the formation fracture pressure gives 
results that are in good agreement with the actual LOT results. Therefore, the fracture 
prediction methods are not accepted as universal methods, and field results from these 
methods must be verified during the drilling operation.
1.2 Verification Technique -  Leak-off Test
After a casing string is cemented in place, the expected fracture pressure of the 
formation just below the casing shoe must be verified before drilling the next planned 
casing string. The Leak-off Test (LOT), sometimes referred to as a pressure integrity 
test (PIT), is a very common field practice. It is a verification method to determine and 
validate the fracture gradient of exposed formations. This test is a measurement of the 
strength of the formations as well as an evaluation of the cement outside the casing 
string for possible casing string leaks.
A LOT, although an important source of the fracture pressure data, has certain 
problems, such as lack of standardized procedures, the lack of a mathematical model 
to analyze test behavior, performance requirements below certain depths, inaccuracy 
of equipment, etc. In addition, few companies determine and save all the necessary 
information such as measured depth, vertical depth, mud properties, lithology type, 
casing and cement properties, test date, pump pressure vs. volume pumped data, etc..
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The LOT pressurizes the well by means of drilling mud. This test is conducted 
by closing the blowout preventers (BOP) at the surface and pumping drilling fluid into 
the annulus at a constant rate until a predetermined pressure is reached or the well 
fractures, allowing the injection of whole mud. Before closing the BOP, mud is 
circulated in the well to condition the mud, and the drill bit is pulled up into the 
casing. Figure 1.3 is a plot showing a typical leak-off test (LOT) for an intermediate- 
casing seat at 9,000-ft with 11-ppg mud in the hole. The surface pumping pressure 
increases in proportion to the mud pumped (0.5 bbl per minute) until the pressure 
reaches about 2,400-psi with a total of 4-bbls pumped. As shown, departure from the 
straight line at this point. Point A, is the indication of the loss of formation integrity. 
In reality, a LOT is simply the application of total system compressibility. As shown, 
early LOT data falls on a relatively straight line due to constant incremental pressure 
increases for incremental drilling fluid pumped. The straight-line behavior until Point 
A is primarily a function of the drilling fluid compressibility. This straight-line trend 
continues until Point A, where the formation grains begin to lose integrity and allow 
drilling fluid to enter the formation. This departure point from the straight-line at Point 
A is the leak-off pressure (LOP), which is used to calculate the formation fracture 
gradient. If pumping is continued, the pressure rate change decreases, indicating lose 
of formation integrity. In other words, the first stable fracture initiates at Point A. With 
continued pumping, fracture size increases steadily until the fractured formation 
allows injection of whole mud, represented as Point B. At this condition, no pressure 
increase will be observed at the surface as drilling fluid is pumped into the annulus. 
Pumping is stopped at Point B, and the well is shut in to observe the rate of pressure
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decline due to mud or mud filtrate loss to permeable formations. The pressure decline 
rate is recorded until Point C, where the rate change becomes negligible. Point C also 
represents the fracture closure pressure.
The hydrostatic pressure due to 9,000-ft of 11-ppg mud is 5,148-psi. This 
hydrostatic pressure plus 2,400-psi of surface LOP results in an observed fracture 
pressure of 7,545-psi for the formation at the casing shoe. A fracture pressure of 
7,545-psi at 9,000-ft converts an equivalent mud weight o f 16.1-ppg. The conclusion 
is that mud weights up to 16.1-ppg could be used for drilling below this casing seat 
without causing lost returns. However, a mud weight of 16.1-ppg would not leave any 
safety margin if a kick were taken.
The surface pressure required to fracture the formation for a given mud weight 
in the annulus is called Maximum Allowable Surface Pressure (MASP). In the 
example discussed above, the MASP is 2,400-psi, i.e., the MASP is the LOP. If the 
mud weight above the shoe increases from 11-ppg to 16.1-ppg, the MASP decreases 
from 2,400-psi to 0-psi. Conversely, if the mud weight is decreased from 11-ppg to 4- 
ppg above the casing shoe, the MASP increases from 2,400-psi to 3,276-psi 
[0.052*(11-4)*9,000]. The last situation is encountered during well control operations 
when circulating a gas kick from the wellbore.
As was stated before, a LOT is primarily conducted to determine the safest 
pressure that can be applied to the weakest formations below the casing shoe. 
However, there is currently no standardized evaluation procedure available in the oil 
industry. Also, there is no standard LOT interpretation technique used for data 
analysis. In addition, this physical phenomenon has not been mathematically modeled
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until now. Although LOT is a simple and inexpensive test, its interpretation is not 
always easy and straightforward, particularly in formations that give non-linear 
relationships between volume pumped and pump pressure. Disagreement on 
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Figure 1.3 Typical leak-off test example.
Misinterpretation of a LOT may result in a variety of problems, and an 
operator could make erroneous decisions. For example, a low leak-off value may be 
interpreted as cement channeling, and the operator decides to conduct a squeeze 
cement job. This results in unnecessary expenses and is very time consuming. On the 
other hand, a low value, especially when caused by a cement channel, could result in
10
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the operator using an unrealistically low mud density as a maximum safe value. This 
situation results in premature next casing setting depth or improper mud weight 
selections for a well control operation. If the LOP is overestimated, the operator may 
use high mud density, and lost circulation together with an underground blowout 
situation could result. Consequences of an incorrect interpretation of a LOT can be 
catastrophic, very expensive, and even result in total loss of a well.
1.3 Objectives
The purpose of this research is to derive a new mathematical model that would 
allow for the determination of leak-off pressure (LOP) and fracture pressure in a 
formation of interest. The new model should work in environments where current 
techniques are not applicable. Examples of such cases are incomplete leak-off tests 
and formations showing non-linear relationship between pumped volume and 
observed pump pressure. This objective will be achieved by the analytical derivation 
of the overall system compressibility equation using material balance theory for 
borehole conditions attained during a LOT.
The LOT is the simpliest and most commonly used field test application to 
directly measure the formation integrity, quality of cement job, and possibility of leaks 
in a casing string. Although there is no analytical model to analyze a LOT, this 
situation does not cause significant problems for LOTs’ showing linear behavior. In 
the case of non-linear LOT behavior, there is no available model to analyze and 
interpret the behavior. We will demonstrate that the new model can be used to analyze 
both non-linear and linear LOT behavior. The new model is referred to as the “Non- 
Linear Leak-off Test Analysis.”
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1.4 Methodology of Current Study
The methodology used to perform this work is:
a. Decompose the compressible wellbore system to determine each material balance 
component;
b. Derive an analytical model to analyze overall system compressibility attained 
during a LOT, particularly for non-linear LOT data behavior;
c. Gather linear and non-linear LOT data to verify the model;
d. Show that calculations can be easily done by means of a spreadsheet program;
e. Analyze and interpret the basic characteristics of LOT data.
12
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CHAPTER 2 
LITERATURE REVIEW
The point at which a formation will fracture has been the subject of 
considerable observation and research during the past four to five decades. Hubbert 
and Willis (1957) conducted one of the pioneer works and introduced many 
fundamental principles that are still used widely today in this area. Correlations to 
predict the relationship between fracture pressure, well depth, and pore pressure for a 
given area have been developed using a considerable amount of data from breakdown 
pressures on squeeze jobs and instances of lost returns. Another approach to the 
determination of the fracture pressure in a well is known as the LOT or formation 
strength test. This pressure test is generally made right after drilling the casing shoe. 
As was stated before, this test provides fundamental information on the integrity of the 
formation, strength of the cement bond between the formation and the casing, and 
leaks in the casing string.
The brief overview of this section was compiled from different sources with 
the promise of giving appropriate background to support the following parts of this 
work. If detailed information is needed, the reader may use the references furnished 
with this work. It would be sensible to start a literature review with the federal 
regulations that are mandatory to obey for all the operators. Such a beginning would 
also allow one to realize the restrictions and the requirements for a successful well 
drilling and the importance of the LOT to execute a proper drilling operation. Later, a 
brief summary of LOT preparation and execution will be introduced together with 
how LOT data is interpreted by the operators. Finally, the information obtained from
13
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the other published studies will conclude this chapter. Factors affecting the LOT
behavior are the subject of the next chapter.
2.1 Federal Regulations
The code of Federal Regulations (CFR) is released by Minerals Management
Service (MMS), a bureau of the U.S. Department of the Interior. The mission of the
MMS is to manage the mineral resources of the Outer Continental Shelf in an
environmentally sound and safe manner and to timely collect, verify, and distribute
mineral revenues. The necessity to mn LOT is clearly stated in the MMS regulation
release for pressure testing of casing string and casing shoe and given below. (Internet:
http://www.access. gpo.gov/nara/cfr/waisidx/30cfr250.html).
[Title 30-Mineral Resources, Volume 2]
[Revised as of July 1, 1998]
[CITE: 30CFR250]
Sec. 250.404 Well casing and cementing.
... A pressure-integrity test shall be run below the surface 
casing, the intermediate casing(s), and liner(s) used as intermediate 
casing(s). The District Supervisor may require a pressure-integrity test 
to be run at the conductor casing shoe due to local geologic conditions 
or planned casing setting depths. Pressure-integrity tests shall be made 
after drilling new hole below the casing shoe and before drilling more 
than 50 feet of new hole below a respective casing string. These tests 
shall be conducted either by testing to formation leak-off or by testing 
to a predetermined equivalent mud weight as specified in the approved 
APD. A safe margin, as approved by the District Supervisor, shall be 
maintained between the mud weight in use and the equivalent mud 
weight at the casing shoe as determined in the pressure-integrity test. 
Drilling operations shall be suspended when the safe margin is not 
maintained. Pressure-integrity and pore-pressure test results and related 
hole-behavior observations, such as gas-cut mud and well kicks made 
during the course of drilling, shall be used in adjusting the drilling mud 
program and the approved setting depth of the next casing string. The 
results of all tests and of hole-behavior observations made during the 
course of drilling related to formation integrity and pore pressure shall 
be recorded in the driller's report...
14
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Sec. 250.405 Pressure testing of casing.
(a) Prior to drilling the plug after cementing and in the cases of 
plugs in production casing strings and liners not planned to be 
subsequently drilled out, all casings, except the drive or structural 
casing, shall be pressure tested to 70 percent of the minimum intemal- 
yield pressure of the casing or as otherwise approved or required by the 
District Supervisor. If the pressure declines more than 10 percent in 30 
minutes or if there is anodier indication of a leak, the casing shall be 
recemented, repaired, or an additional casing string run and the casing 
pressure tested again. Additional remedial actions shall be taken until a 
satisfactory pressure test is obtained. The results of all casing pressure 
tests shall be recorded in the driller's report.
(b) Each production liner lap shall be tested to a minimum of 
500 psi above formation fracture pressure at the shoe of the casing into 
which the liner is lapped, or as otherwise approved or required by the 
District Supervisor. The drilling liner-lap test pressure shall be equal to 
or exceed the pressure that will be encountered at the liner lap when 
conducting the planned pressure-integrity test below the liner shoe. The 
test results shall be recorded on the driller's report. If the test indicates 
an improper seal, remedial action shall be taken which provides a 
proper seal as demonstrated by a satisfactory pressure test.
(c) In the event of prolonged drill-pipe rotation within a casing 
string run to the surface or extended operations such as milling, fishing, 
jarring, washing over, and other operations which could damage the 
casing, the casing shall be pressure tested or evaluated by a logging 
technique such as a caliper log every 30 days. The evaluation results 
shall be submitted to the District Supervisor with a determination of 
effects of operations on the integrity of the casing for continued service 
during drilling operations and over the producing life of the well. If the 
integrity of the casing in the well has deteriorated to an unsafe level, 
remedial operations shall be conducted or additional casing set in 
accordance with a plan approved by the District Supervisor prior to 
continuing drilling operations.
(d) After cementing any string of casing other than the 
structural casing string, drilling shall not be resumed until there has 
been a time lapse of 8 hours under pressure for the conductor casing 
string and 12 hours under pressure for all other casing strings. Cement 
is considered under pressure if one or more float valves are shown to be 
holding the cement in place or when other means of holding pressure 
are used.
It is obvious from the regulations that a planned well design must be verified at 
some certain stages of the drilling operation, and the well design objectives must be
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met before continuing drilling. If the test results do not fall into a predetermined safe 
margin, the drilling operation is suspended, and the operators must take additional 
remedial action until a satisfactory result is obtained. In other words, the result from 
the LOT must be in an acceptable range of well design value. Re-cementing, repairing, 
running additional casing strings, and re-testing are some examples of the remedial 
actions taken by an operator to meet the requirements before resuming the drilling 
operation.
2.2 Abridged Leak-off Test Procedures
Procedures and requirements may be different for testing different casing 
strings and casing shoes as dictated by federal regulations. In addition, how to conduct 
a LOT slightly varies from one operator to another, but the main procedural task is 
essentially the same no matter what the company is. The following summarized LOT 
procedure is currently used by one of the leading operators, Amoco. An example was 
also provided based upon the given procedure in this section.
1. Pick up drill bottom hole assembly (BHA) and trip in hole. Tag 
cement. If casing is full of seawater, displace seawater with mud 
that will be used in subsequent drilling to perform LOT.
2. Circulate and condition mud until mud weight is even in and out.
3. Casing Integrity Test -  CIT: Pressure test casing recording 
pressures every 0.125 bbl (or every 0.25 bbl maximum). Shut-in 
and monitor pressure for 10 min. Input pumped volumes and 
pressures on CIT sheet.
4. Drill out Float Shoe, rat hole, and 10-15 ft (3-5m) of new hole. 
Circulate and condition the mud until mud weight is even in/out, 
checking in triplicate with pressurized mud balance.
5. Pull out of hole until bit is about 10-15 ft (~3-5m) inside casing 
shoe.
6. Rig up cementing unit and test lines. Close blow out preventers, 
BOP (Annular or pipe ram) and prepare to monitor 
volume/pressures on the cement unit, and also monitor pressures at 
the choke (via the casing pressure gauge on the choke console).
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7. Pump mud (via cement unit) at 0.25 -  0.5 bpm constant rate, 
recording pressures every 0.25 bbl, regardless of pump rate until the 
pressure increase shows a definite deviation from a linear trend 
(leak-off pressure -  LOP) or until hard break down. Hard break 
down occurs if the pressure abruptly drops while pumping. Record 
data on LOT sheet and follow plot. If pressure plot falls below 
maximum volume line, during pumping, before leak-off, the bleed 
-o ff pressure and start over using 0.25 bpm faster pump.
8. Confirm leak-off: Pump an additional volume (0.75 to 1.0 bbl) into 
the formation while frequently monitoring injection pressure 
behavior to ensure that the pressure increases at a smaller slope. 
Note: If hard break down has occurred, there is no need to pump 
this additional volume.
9. Shut downs pump and record the instantaneous shut in pressure 
(ISIP). Then continue to monitor the pressure decline for 20 
minutes, or until the shut in pressure stabilizes, whichever time is 
least. Look for surface leaks.
10. If a pressure decline is observed and the pressure stabilizes then the 
test is probably of good quality.
11. Bleed off pressure and record recovered drilling fluid volume. 
Record the injected and recovered fluid volumes.
12. Retesting. Always retest before squeezing. Retest if pressure 
abruptly dropped significantly while pumping (hard break down) to 
determine a valid LOP; do not use peak pressure as the LOP.
13. Interpretation. Use LOT Procedures for test interpretation and 
record results in LOTPLOT sheet.
Table 2.1, and Figures 2.1 and 2.2 are the results of LOT data obtained from 
the field by using the procedure summarized above. Table 2.1 summarizes the 
important input parameters. Some of them (such as depth, mud, and well configuration 
data)are essential when interpreting a LOT. Figure 2.1 shows the result of the Casing 
Integrity Test (CIT) data, indicating no leak. The CIT is run to evaluate possible 
casing leaks. The casing leak affects the pressure build up section of the LOT plot and 
is observed as non-linear behavior. Figure 2.2 shows the result of typical LOT data 
and plot, which indicate a good quality test. Figure 2.3 is the graphical interpretation 
of this test.
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Table 2.1 Example input data sheet for a LOT (courtesy of Amoco).
1 Date: 22-Mar-96 Water Air Max. Max.
WellrXXXXXX Depth Gap TVD MD
Location: XXXXXX ft ft (ft) (ft)
Rig: XXXXXX 300.00 70.00 5734.00
1 LOP Criteria Mud Properties |
Estimated Min. Acc. Mud Wt. WBM/ VIS. PV YP API WL Gels.
ppg Ppg ppg DBM cp cp Ibs/IOOsqf cc 0/10
m i i W WBM 50.00 21.00 13.00 13.00 4/19
Casing Shoe Top of 1st Below Casing 
Sand
Csg. MD TVD Incl. Azimuth MD TVD Incl. Azimuth




Min. Volume Max. Volume Accepted LOP
(last point of CIT) (twice Min. Vol.) (horiz. line)
(bbl) (psi) (bbl) (psi) (bbi) (psi)
0.00 0.00 0.00 0.00 0.00 813.10
. 2 .5 0 ' 1 1600.001 5.00 1600.00 10.00 813.10
I Required Input 
Optional Input
As can be understood from the federal regulations, there is no certain 
procedure for executing a casing shoe test. Consequently, there is a certain degree of 
freedom for operators to plan and execute the test. Since there is neither a standard 
LOT procedure nor a standard interpretation method for a LOT data analysis, the 
results of data interpretation from different well operators diversify substantially. This 
freedom results in different kinds of LOT procedures. The following casing shoe test 
procedure from Amerada Hess is an example of this freedom and is also practiced by 
the industry. This procedure is simply a series of pumping intermittently with stop 
pumping and hold pressure until the wellbore pressure stabilizes. Note that the casing
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test procedure is the same with the previously given procedure and will not be
rewritten here, but the casing shoe test differs from the procedure provided before.
1. Drill cement, float equipment, and 10’ of new formation or clean 
out rathole.
2. Circulate and condition mud until mud weight in and out is uniform 
(within 0.1 ppg).
3. Pull back into casing shoe. Make up cementing lines ensuring they
are filled with mud (avoiding pumping air into drill pipe). Break
circulation. Close annular.
4. Pump mud at *4 bpm until a pressure response is observed. Record 
volume pumped.
5. Begin pumping at Va bpm until increments at Va bpm rate. Stop 
pumps after each Va bbl and wait until pressure stabilizes. Record 
volume of mud pumped, final pumping (dynamic) pressure and 
stabilized (static) pressure at each Va barrel increment.
6. Plot both dynamic and static pressures vs. cumulative mud volume 
pumped.
7. Continue in Va barrel increments until the static pressure indicates a 
“leak-off’ is occurring or the maximum specified pressure is 
reached (jug test).
NOTE: Leak-off is occurring, and pumping should be stopped, 
when two consecutive shut-in pressure points fall away from the 
straight line trend. The leak-off pressure is the FIRST point of 
departure from the straight-line trend.
8. A final shut-in pressure should be recorded 5 minutes after 
pumping has ceased.
9. Slowly bled off pressure and record the volume of mud bled back.
It is clear from the two test procedures that operators have flexibility in 
deciding upon different types of execution at some steps. Some of them are the pump 
rates, the depth of new formation to be drilled (maximum 50 ft) before conducting the 
LOT, and the pressure recording either dynamic or both dynamic and static pumping 
by means of two different pump operating schedules. There is no information 
available in the literature on which pump schedule is superior to follow. However, 
dynamic pump pressure recording gives conservative LOPs and fracture pressures. 
Also, it represents the realistic situation observed during any kick fluid flow exposed
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R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
to formations beneath the casing shoe since both a kick and a blowout are a dynamic
process.
Casing Integrity Test
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Figure 2.1 Example casing integrity test (CIT) results (courtesy of Amoco).
Merita et al. (1991) concerned with the casing shoe integrity after LOT. They 
subdivided the casing shoe tests into four different types as shown in Figure 2.4. These 
phases are
1. complete mini-fracture test with controlled flow-back,
2. short fracture with injection terminated at the first injection pressure drop (at B
in Figure 2.4),
3. short fracture with injection terminated at initial bending point of the slope
(slightly above A in Figure 2.4), and
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4. casing shoe strength confirmation with injection terminated at a pre­
determined pressure.
They also proposed a guideline of safe casing shoe testing for each type of test. 
Each test type was evaluated for different conditions such as fluid type, fluid loss 
property of mud, equipment configuration, etc. They recommended the use of water 
base mud for a full-scale mini fracture test and oil base mud for short fracture with 
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Figure 2.2 Example leak-off test (LOT) data and behavior (courtesy of Amoco).
21

















VIS. PV YP APIWL Gels.
n/in
13 no WRM snnn 31 nn isn n i3nn 4/1Q
i n T T M tR M
LOP
(T” )
MS LOFfeMW MSgmw LOftwiV
1. LOF|mw< Minimum Acceptable Value
2. Shut-in pressure not leveling off
3. LOFbMw/M%Mw> 1.10 when leak-off occurs
9 2 0 0 0 fifinoo _ J M 1 _ 15.91 1-01











1.000 2.000 3.0000.000 4.000 8.0005.000 7.0006.000
Volume (bbl)
Figure 2.3 Interpretation of leak-off test (courtesy of Amoco).
22




Lateral fracture propagation 
/  Filtrate leak-off













Figure 2.4 Complete mini fracture test behavior (Morita et al., 1991).
Note that a typical LOT is represented until Point C shown in Figure 2.4. It is 
also note worthy that the authors have not considered the non-linear LOT behavior. 
The points after C are generally used to evaluate the fracture and its sizes. Of course, 
these points are not the objective of LOT even though useful information can be 
gathered from this portion of the mini fracture test.
2.3 Investigations by Other Researchers
As was stated before, the preparation of a well to be tested, the execution of the 
test, and the interpretation of the test results may vary from one operator to another. 
These factors may also vary from one researcher to another. Among them, the 
interpretation of the test result is the most commonly misunderstood aspect. The lack 
of a mathematical model for a LOT causes different interpretation results for a given 
LOT behavior. The LOT data and plot given in Figure 2.2 is a typical LOT result in
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which the LOP point is ciear from visual inspection. This kind of behavior is not 
common in the field tests, and such clear results are obtained about 25% of the time 
(Gidley et al., 1989).
Most of the work done by previous investigators is not directly related to LOT 
but to hydraulic fracturing. There is a multitude of published works available, yet few 
of them are related to casing shoe testing or LOT. It was reported that there were more 
than 2,000 works available on the hydraulic fracturing aspect (Gidley et al., 1989). 
There are also some models to investigate hydraulic fracture results in terms of the 
fracture size, orientation, propagation, conductivity, fracture opening and closure 
strengths, and fracturing fluids and additives. These models require determining many 
formation and fracturing fluid parameters in advance. It is also required that more 
caution and planning be done before executing a hydraulic fracture job, not to mention 
high cost. In conclusion, the hydraulic fracturing phenomenon is extremely complex, 
and it is still not well understood or well documented.
On the other hand, the main purpose of a LOT is quite different than that of the 
hydraulic fracturing. The LOT is, first of all, relatively easy to perform in a short time 
span and less costly. Second, sophisticated equipment is not needed to conduct a LOT. 
In addition, interpretation of LOT results do not require advanced knowledge of any 
material parameters such as those of formation and fluid. Drilling fluid density, depth 
and size of the well, and an accurate record of pump pressures vs. volume pumped are 
enough to accomplish a LOT. All available works either consider the classical LOT 
behavior or interpret the test results based on field experience and rules of thumb. 
There is only one study given by Almeida (1986) that attempts to model the LOT.
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However, this model solution is not analytical but numerical. Also, Almeida’s work 
does not address the non-linear LOT behavior. His work will be briefly summarized 
later in this chapter.
One of the pioneer works on how to conduct a LOT and test result 
interpretation was done by Chenevert and McClure (1978). In their work, a classical 
LOT behavior example (straight-line behavior) was used to analyze LOT data with the 
introduction o f mud gelation effects. Chenevert and McClure suggested that the 
formation fracture pressure could be calculated after subtracting the mud gelation 
pressure instead of friction pressure from the LOP and adding the mud weight 
pressure. Since LOT is conducted at a low pump rate, the frictional pressure term is 
small and often neglected. The authors also criticized the procedure of getting mud 
gelation pressure from the rotational viscometer after the mud has been quiescent for 
10 minutes. They implied that this procedure does not reflect the downhole pressure 
and temperature conditions; therefore, it should be avoided to use. They also proposed 
using field circulation data to get mud gelation pressures. The process described to get 
this data consisted of waiting 5 to 10 minutes and then turning on the pump with Blow 
Out Preventers (BOP) open after the LOT test is run. Next, it is necessary to measure 
the pressure necessary to break circulation while pumping at a rate equal to that used 
in the LOT. In Chenevert and McClure’s work, pressure correction plot due to mud 
gelation is also given for different diillpipe and casing size configurations. On the 
other hand, pressures due to mud gelation are relatively small and can be ignored 
easily without resulting significant error when calculating the LOP and the fracture 
pressure. Following the procedure would result in overestimation of the LOP and the
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fracture pressure, even in extreme cases of about 0.1 or 0.2-ppg. Thus, the industry 
simply ignores the mud gelation effect when analyzing test results.
The authors also suggested a LOT procedure and introduced how to use the 
minimum volume line and the anticipated LOP lines, shown in Figure 2.2, which are 
used as a guide for determining the pump rates. According to the authors, straight-line 
data of a LOT should stay equal to or very close to the minimum volume line values; 
otherwise, the pump rate is inadequate. However, they did not mention the data limit 
that may deviate from the minimum volume line. This limit is known as the maximum 
volume line, also shown in Figure 2.2, and will be introduced later in this chapter. 
Chenevert and McClure also postulated that if a repeat casing shoe test gives lower 
LOP and fracture pressure, a failure of the cement job or a weaker exposed formation 
occurred. In the first case, a squeeze cement job may be required, and the later case a 
liner to eliminate the problem. Although the authors gave generalized LOT guidelines, 
they have not addressed analytical or numerical models to examine not only a classical 
LOT behavior, but also a non-linear LOT behavior.
Hazov and Hushudov (1993) have used LOTs to determine wellbore 
compressibility. The authors calculated the wellbore compressibility in shale 
formations based on field applications of LOTs in the eastern North Caucasus of the 
former Soviet Union. It was observed that the measured and calculated volumes from 
the LOT and the drilling fluid compressibility were quite different. They also reported 
that calculated volume results for cased hole with 100% cement bond and those 
without cement bond were significantly different. As an example, they showed that the 
pit volume was decreased approximately 4 to 16 cubic meters on each studied well.
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All the volume returned to the pits after the pumps were stopped. When the wells were 
shut in immediately after the pumps were stopped, the wells had a slight pressure of 
about 2-MPa, indicating considerable gas entry, also confirmed by the mud logging. 
The authors also stated that the non-linear LOT curves were the result of fluid loss and 
filtration. One possible explanation to this non-linearity was postulated to be the result 
of plastic deformation of the well. However, plastic deformation in shales takes 
considerable time (10 to 20 hours), and the time needed to pressurize shales during a 
LOT takes only 10 to 15 minutes. Thus, the authors suggested that plastic deformation 
might not be the main factor here. Based upon Hazov and Hushudov's observations, it 
can be concluded that borehole expansion or so-called ballooning has a negligible 
effect on LOT behavior since borehole wall displacement would be insignificant, 
resulting in trivial wellbore volume expansion.
The authors credited this volume change to elastic hydrofractures. They 
considered the fracture to be open even without additional pressure being added to the 
well. As pressure increased, the fractures took mud in. The fractures returned the mud 
without any losses as the pressure was reduced at the surface. Hazov and Hurshudov 
basically redefined the compressibility term to introduce the wellbore compressibility 
effect on a LOT. In other words, total system compressibility was adjusted as the 
summation of the drilling fluid compressibility and elastic wellbore compressibility. 
However, Hazov and Hushudov had ignored the leaks and filtration, which might be 
the main contributors to non-linear response. In addition, Hazov and Hushudov did not 
attempt to develop a model to analyze either linear or non-linear LOT behavior.
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Almeida (1986) introduced a computer program, curve-matching technique, to 
simulate LOT behavior using field data. In his study, factors that affect the behavior of 
a LOT were very well documented. The author’s study concerns prediction of the 
fracture initiation pressure, fracture extension and closure, and pressure decline and 
stabilization after stopping the pump. His model assumes that the net pressure increase 
of a system due to total injection volume is obtained after subtracting the volumes that 
counteract the pressure increases. These counteracting volumes are the filtration loss 
volumes, the casing expansion volume, the borehole expansion volume, and the 
trapped air volume in the system.
When calculating the borehole expansion volume, Almeida used an elastic- 
perfectly-plastic rock model, but he overestimated the borehole strains since filtration 
losses were ignored. This situation resulted in overestimating the borehole expansion 
volumes. In addition, a ratio of 20 for the plastic region radius to borehole radius at all 
depths proposed by the author does not hold for any formation. Theoretically, 
wellbore wall yields, and the yielded plastic region expands infinitely. However, rock 
does not obey this theory and will mpture quickly, resulting in a very limited plastic 
region around the wellbore. It is an accepted premise that the virgin stresses are 
obtained approximately 4-5 well radii away from the borehole wall, (Hubbert and 
Willis, 1957; Wojtanowicz and Zhou, 1998; Risnes et al., 1982; Gnirk, 1972; Jaeger 
and Cook, 1976; Detoumay and Carbonell, 1997; and Dusseault and Gray, 1992). 
During LOT, this plastic zone radius may change, but it never tends to give the same 
value at different elevated loading conditions even in the same region. Therefore,
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Almeida’s approach resulted in unrealistically high borehole expansion volume, and 
concluded that it was the main source or contributor of the non-linear behavior.
Almeida calculated the change in volume of trapped air in the system from the 
compressibility equation. It can be obtained directly from the visual inspection of the 
data since the trapped air will affect the early part of the test data and distort the 
straight-line data trend as a concave upward shape. No method or technique could be 
found from the literature survey on this subject to calculate it from the compressibility 
equation. In reality, how much air or formation gas trapped in the system is not known 
in advance.
Almeida calculated the filtration volume losses from the standard API filter 
press apparatus under static conditions. The equation used for this condition is 
acceptable until the mud cake is broken due to increased well pressure. This equation 
is, indeed, the modification of 1-D linear Darcy flow across the mud cake and also 
given by Bourgoyne et al., (1991). The equation also takes into account spurt loss, the 
volume lost before porosity and permeability of the filter cake stabilizes. However, the 
filtration volume loss from this equation has been under discussion for a long time. 
The primary reason for this discussion is that the filtration process is not static but 
dynamic, under the downhole conditions. Several models have been proposed to 
analyze dynamic fluid loss data. They include works by Roodhart (1985), Settari 
(1985), Penny (1985), and Clark and Barkat (1990). However, there is no available 
standard dynamic filtration test developed to date.
Almeida used the equations given by Wilcox (1982) to state the stress-strain 
relationship for the casing string expansion. However, the stresses were
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underestimated from these equations, particularly the radial stresses at the inner casing 
wall. Underestimated stresses give significantly lower casing expansion volumes. 
These equations in Wilcox’s study were derived to determine average stresses in the 
casing thickness. In other words, these equations result in the same displacement at 
any point in the casing thickness. In reality, more displacement takes place at the inner 
casing wall, and decreases with increasing radial distance from the casing center. The 
casing expansion volume may be significant for long casing strings. Thus, stresses and 
displacement at the inner casing wall should be used to determine induced volume 
increment. As a result of average stress concept, Almeida’s model underestimates the 
casing expansion volume.
Almeida’s work requires some drilling fluid and formation parameters to be 
known in advance. Some of them are mud composition, spurt loss, micro annulus gap, 
local temperature gradient, permeable height of the formation to be fractured. 
Poisson’s ratio of the formation. Young modulus of the rock. Blot’s constant, tensile 
strength of the formation, surface porosity, porosity decline constant, average grain 
density, etc. However, gathering this data is almost impossible in most cases, taking 
considerable time and inquring much cost.
Almeida also mentioned that if the model result does not match the observed 
LOT data, some formation and drilling fluid parameters should be changed until a 
good match is obtained. His model is not well suited to model or analyze a LOT 
behavior. All the mentioned concerns are the main shortcomings of Almeida’s work 
and make it very difficult to apply in the field.
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Some work concerning casing shoe integrity after a LOT has been found in the 
literature. It is a common belief among the operators that formations exposed to a LOT 
will lose their strength and result in lost circulation. Therefore, avoiding fracture is a 
shared field practice, particularly in shallow depths and unconsolidated zones, to stop 
the casing shoe testing prematurely, just after ensuring the casing shoe strength. 
Morita et al., (1991) concluded that lost circulation might occur if the mud weight 
significantly exceeds the in-situ stress gradient during the test. In addition, the casing 
shoe integrity after the test depends upon the sealing capability of the mud cake. A 
good casing shoe test criterion was given by the authors, as whenever the product of 
filtrate rate volume equivalent of an API filtrate test with an in-situ temperature and 
the pressure term with solids content included is equal to or greater than 0.15 cc. The 
filtrate loss and the Young’s modulus have been introduced as the most important 
parameters that affect the amount of the partial loss. It is also important to indicate that 
once formations are fractured just beneath the casing shoe, a natural path is created for 
kick or blowout fluids. It means that kick or blowout fluids may broach outside of the 
casing from these manmade fracture networks, creating an unwelcome situation.
Wojtanowicz and Zhou (1998) studied formation failure mechanisms just 
beneath the casing shoe due to LOT, particularly in shallow (upper) marine sediments 
(UMS). Their analysis was based upon Mohr-Coulomb criterion application with a 
Finite Element Model (FEM). They concluded that a vertical fracture is the least 
probable in the UMS relative to a horizontal fracture and a channel outside the 
cemented annulus. The authors pointed out that horizontal fractures could not 
propagate beyond the plastic boundary until wellbore pressure exceeds the overburden
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pressure. However, an annular channel might propagate upwards at pressures lower 
than the overburden. Contact stress between cement and formation (or cement and 
casing) controls the development of an annular channel. The authors also found that 
propagation pressure is about 3.5 times greater than the contact stress. They also 
postulated that UMSs are weaker and have higher stress ratios than deeper sediments. 
In addition, Wojtanowicz and Zhou concluded that these formations undergo plastic 
rather than elastic deformation; therefore, the classical elastic theory cannot explain 
the behavior of these formations.
Wojtanowicz and Zhou also stated that annular channeling should be prevented 
to maintain the casing shoe integrity. Increasing the contact stress by using different 
cements and cementing techniques can preserve this integrity. If contact stress is 
increased slightly above 30% of overburden pressure, annular channel development 
will not take place. They pointed out that wells should not be tested to failure if they 
do not meet this condition.
Postier (1997) recently studied the interpretation of LOT data behaviors. He 
explained the basics of the LOT behavior using a typical LOT plot. Then, the author 
discussed the causes of extreme behaviors, such as non-linearity, plastic deformation, 
effect of wellbore, pre-existing cracks, cement channels, pump rates, etc. The author 
also gave LOT interpretation guidelines and procedures. Reference guidelines shown 
in the figure are (1) predicted LOP line, (2) minimum LOP line, (3) minimum volume 
line, (4) maximum volume line, and maximum pressure line.
The predicted LOP line (anticipated LOP line) is obtained from an offset well 
or any fracture pressure predictive techniques. The minimum LOP line is parallel to
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the predicted LOP line and 0.5 ppg less than the value of predicted LOP line. The 
minimum volume line is the line passing through the origin and the highest 
pressure/volume data point obtained from the casing test. It can also be obtained from 
the drilling fluid compressibility if the mud composition and the borehole volume are 
known. The maximum volume line slope shown in Figure 2.2 is twice the value of the 
minimum volume line slope and represents the lower limit reference. This guideline is 
obtained as a result of field experience and suggested by Postier (1997). Deviation 
below this line indicates insufficient pump rates or high formation permeability. The 
maximum pressure line is understood as the “do not exceed” number due to equipment 
limitations or lost circulation experience. Postier, however, did not provide any 
mathematical model to analyze the result of the extremities in this work. His analysis, 
indeed, depends only on field experiences and observations.
Results from the literature review indicate that the previous studies on LOT 
can be organized in four groups:
1. procedures, guidelines, and interpretation of LOT,
2. concerns on casing shoe integrity and formation damage mechanisms after testing,
3. models to analyze LOT, and
4. factors affecting LOT behavior.
It is also clear that there is no analytical model available to analyze LOT 
behavior in the literature. Numerical models are not easy or practical to use and 
require many parameters to be known in advance. Interpretation for a given LOT may 
significantly vary from an operator to another. In the next chapter, factors and their 
effects on LOT behavior will be covered in detail.
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CHAPTERS
FACTORS AFFECTING LEAK-OFF TEST BEHAVIOR
Strength of the formation just beneath the casing shoe is essentially verified by 
a pressure integrity test, LOT. A typical LOT plot was provided in the previous 
chapter. It is unfortunate that many LOT plots do not obey the classic behavior shown 
in Figure 2.2. Non-classic plots (or non-linear plots) are the general name for the tests 
showing anomalies. These anomalies can have pressures higher or lower than 
anticipated LOPs, severe shut-in pressure decay, different slops in build-up part of the 
data, non-linear pump pressure vs. pumped volume behavior, etc. The common points 
of these non-classic plots are interpretation difficulties. Therefore, a good 
understanding of the factors affecting a LOT behavior is an essential tool for proper 
interpretation. This chapter evaluates the known primary factors effecting a LOT.
3.1 Elastic Rock and Subsurface Stress-State
Most subsurface strata obey linear elastic theory behaving elastically to the 
fracture or failure point. In other words, the stress and strain relationship is linear, 
(Desai and Siriwardane, 1984; Jaeger and Cook, 1979; Fjear et al., 1992; Postier, 
1997). The elastic theory holds true for the most competent rocks. Elasticity and fluid 
compression control the linear pressure build-up behavior until the LOP, which occurs 
before the formation fracture. However, some formations such as unconsolidated sand, 
unconsolidated clays, and salt formations (frequently found in Texas and Louisiana 
Gulf Coast) behave plastically, indicating permanent deformation without losing 
strength. These formation characteristics affect the break down pressure and usually 
give higher fracture gradients because of high stress concentrations and low cohesive
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resistance, permitting less difference between the vertical and the horizontal matrix 
stresses, (Harrison et al., 1953; Steiger and Leung, 1992; Almeida 1986; and Bender et 
al. 1995). In addition, the elastic theory gives more conservative fracture pressure 
predictions in the plastic formations. If a LOT is conducted in such formations, a non­
linear pressure build-up tendency is observed (Postier, 1997).
Underground stresses (particularly natural compressive stresses) as shown in 
Figures 3.1 and 3.2 govern the formation strength and tend to resist formation fracture. 
Vertical stress in the rock due to the weight of the overlying formations is the primary 
cause of the subsurface stresses. As the deposition of sediments continues over 
geologic time, the vertical matrix stress (grain to grain stress) increases, indicating 
increased grain-to-grain stress. However, the horizontal stresses are a function of 
sediment properties and the vertical stress. Under the influence of vertical stress, 
sediments tend to shrink vertically and expand horizontally. However, the surrounding 
sediments resist horizontal expansion, which result in horizontal stresses, (Harrison et 
al., 1954; and Hubbert and Willis, 1957).
The condition of the subsurface stress-state must be determined to evaluate the 
stresses. If we designate these stresses as principal stresses, which are normal to 
principal planes in which there is no shear stresses, the state of stress at any depth in 
the subsurface can be defined in terms of the principal stresses. Other factors such as 
variations of in-situ stresses existing in different layers, bonding between formations, 
variations in mechanical rock properties, fluid pressure gradients in formations also 
have control on principal stresses.
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Preferred Fracture
Plane
Fig. 3.1 Stress-state acting on a subsurface specimen (modified from Constant 
and Bourgoyne, 1988).
Figure 3.2 Complete stress-state acting on a rock specimen.
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The horizontal principal stresses (a* and Oy) tend to be equal and smaller than 
the vertical principal stress (Oz), particularly in tectonically relaxed regions such as a 
young deltaic sedimentary basin. Hooke’s law approximates horizontal strain (e*) to 
principal stresses if sediment behavior is assumed elastically (Bourgoyne et al., 1991).
e . = | : k “ v((T ,+(T j] 3.1
The horizontal strain (e%) for a compressed rock is approximately zero and the 
horizontal stresses (a* and Oy) are approximately equal. Thus, the elastic theory allows 
one to relate the vertical stress to induced horizontal stresses in tectonically relaxed 
regions and is given as
3.2
1 —V
Measured Poisson’s ratio (v) for consolidated sediments range from 0.18 to 
0.27, and the horizontal matrix stress changes from 22 to 37% of the vertical matrix 
stress, (Harrison et al., 1954; and Bourgoyne et al., 1991). In the absence of external 
loads, the horizontal stresses are always less than the vertical stress. In some geologic 
regions such as the Louisiana gulf coast, where normal faulting occurs, the horizontal 
stress ratio ranges from 25 to 50% of the vertical matrix stress, hi regions where 
folding or thrust faulting occurs, such as California, the horizontal matrix stress is 
higher than the vertical matrix stress, on the order of 2(X) to 300% (Bourgoyne et al., 
1991).
Young’s modulus (E) or modulus of elasticity is the primary elastic rock 
property and represents the stiffness of a rock. It is the ratio of tensile or compressive
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stress to strain for uniaxial stress test, Jaeger and Cook (1976). The modulus of 
elasticity of rocks is obtained from triaxial compression tests with cylindrical 
specimens. The confining pressure is normally set equal to mean effective stress acting 
on the sediment rock. Thus, the modulus of elasticity is sensitive to the confining 
stress on the sample. Also, moisture content of a sample, strain rate of a test, and 
sample preparation procedures may significantly affect the modulus o f elasticity, 
(Bell, 1983; Das, 1994; and Desai and Sirivardane, 1984). Therefore, the true Young’s 
modulus may be considerably different from these laboratory measurements.
Young’s modulus can be determined from two methods; from laboratory 
examine of rock specimens and directly from the well-logs (sonic log). However, the 
second one is not widely used in hydraulic fracturing calculations due to the weakness 
of theoretical model behind the sonic log and the difficulty of measuring shear-wave 
velocities, even though it is a result of dynamic measurement and provides continuous 
change with depth. The first one also has some shortcomings, such as the specimen 
dimensions (suggested a length/diameters ratio of two or greater) and no unique 
modulus due to non-linear characteristics of rocks. Generally, the tangent modulus, 
which is the slope to the stress/strain curve, is computed. Since the pressure generated 
in the well is slightly above the in-situ stress or confining stress, an initial tangent 
modulus might be more representative to design hydraulic fracture job (Gidley et al., 
1989).
For a variety of elastic rocks. Young’s modulus can be calculated as a function 
of confining pressure (Gidley et al., 1989) and given as
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E  =  K P „ 3.3
where Ko is an empirical modulus number for rocks, Pa is atmospheric pressure, P is 
confining pressure, and n is an exponent. Values for Ko and n for several elastic rocks 
are given in Table 3.1. As can be seen, these values vary significantly for different 
rock types.






Stockton shale 2.48 - 19.4 0.26
Berea sandstone, well-cemented 2.66 18.2 43.6 0.25
Week’s Island sandstone, well-cemented - - 5.96 0.39
Bartlesville sandstone, well-cemented - - 58.6 0.27
Repetto siltstone, hard, dry 2.58 5.6 76.8 0.0
Repetto siltstone, hard, saturated 2.58 5.6 25.8 0.16
Muddy shale, hard, dry 2.67 4.7 3.57 0.43
Muddy shale, hard, saturated 2.67 4.7 85.6 0.01
5,900 ft Sands formation shale, hard - - 94.6 0.12
Edmonton clay shale, 20% moisture - - 0.18 0.80
Edmonton bentonite shale, 30% moisture - - 0.22 0.68
Green River shale, hard, calcareous 
-parallel to bedding - - 0.06 1.22
Green River shale, hard, calcareous 
-perpendicular to bedding - - 54.9 0.11
Limestone 2.64 - 544 0.02
Marianna limestone, friable, dry 2.70 13 107.5 0.0
Marianna limestone, friable, saturated 2.70 13 59.9 0.09
Hasmark dolomite, coarse-grained, dry 2.91 3.5 176.2 0.11
Hasmark dolomite, coarse-grained, saturated 2.91 3.5 88.0 0.17
Chalk, 95% CaCO] 1.62 40.0 0.13 0.67
Blaine anhydrite, fine-grained - - 93.2 0.10
Addis et al. (1996) pointed out that the relationship between the horizontal 
stresses and the vertical stress is also a function of faulting type and pore pressure. 
They stated that even in tectonically relaxed regions, stresses in the horizontal plane
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are not equal to each other, and their values change. Using the elastic theory with 
different fault types, the authors developed the following relationships for the 
subsurface stresses. For normal faults the relationship is,
3.4
(T. r  1 1 r  1 11
—- = V 1+ — + _ p . 1 -v 1+ —
for thrust faults
—-  — +  K p  ) + — [l-v (l + ^T^)]
^  V
where
f '  -  sin(0 + 2)3)+sin^
 ̂ sin(^ +  2 j8 )-sin 0
3.5
3.6
where ^ denotes the angle of internal friction (or fault friction angle) and P represents 
the angle of the fault plane relative to vertical stresses. They also concluded that 
selection of fault friction angles and Poisson’s ratios are necessary to be improved for 
modeling purposes.
Prats (1981) gave a more complex relationship, taking into account internal 
forces to evaluate the horizontal stress. He showed that the differential effective stress 
is a function of changes in depth, temperature, strain, and pressure and could be 
written as
3.7
where the first term on the right hand side accounts for effective overburden stress, the 
second accounts for thermal stress, and the last two terms account for tectonic strains. 
The parameter a  stands for coefficient of linear thermal expansion. If the variations of
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material parameters as a function of depth or time in Equation 3.7 are known, the 
effective horizontal stress history is determined by the integration of Equation 3.7
Breckels and Van Eekelen (1982) studied relationships between the horizontal 
stress and depth in sedimentary basins for different regions around the world, using 
hydraulic fracturing and LOT data. Their study is essentially empirical and 
independent of the vertical stress. The authors gave the following empirical 
relationship for the U.S. Gulf Coast, in terms of the minimum horizontal stress as a 
function of depth and pore pressure.
<1.-™, =0.197 f o r  D < U f i O O f t
3.8
= 1.167 -  4,596 + 0.460% f o r  D  >11,500^
where Pp„ denotes the normal pore pressure, and Pp represents the pore pressure.
In general, the most of the parameters given in the equations above are not 
known well; therefore, the calculations are currently more academic than practical 
interest.
3.1.1 O verburden Pressure
Overburden pressure can be stated as the pressure caused by the geostatic load 
of the sediments lying above the point of interest. It is found by the combination of 
two components, namely stress due to the weight of the rock’s matrix and stress due to 
fluids in the rock pore spaces. If the bulk density (pb) is known as a function of depth, 
the overburden pressure for each depth interval is calculated by integrating the bulk 
density for each depth interval, and the overburden pressure is determined by the 
following equation using this procedure.
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<̂ ob =  \ g P w d D + \ g p h d D  3.9
o D„
Water density and water depth are normally known in offshore drilling 
operations. However, the bulk density variation with depth must be known to 
determine the overburden pressure. Sediment density evaluation is obtained from a 
density log or soil borings. The second method is limited to very shallow depths, 
approximately to or less than 1,000-ft. The lack of density values for the shallow part 
of the well make overburden pressure determination approximate when extracting it 
from well logs. However, shallow well densities can be approximated, which range 
from 1.4 to 2.1-g/cc, for an average value of 1.8-g/cc. The overburden pressure is also 
expressed in terms of a pressure gradient, which is the ratio of the overburden pressure 
to the depth of point of interest.
Bender et al. (1995) used soil borings data to determine overburden pressures 
for shallow depths in Green Canyon Area, Gulf of Mexico (GOM). The authors 
integrated soil borings data with deeper well-log data to more accurately estimate 
overburden pressure. They also pointed out that upper marine sediments behave 
plastically with horizontal-to-vertical stress ratios of about 1.0 rather than the 
extrapolated value of 0.33 often used for sands.
Bulk density can be estimated from correlations such as AGIP, an Italian oil 
company, a correlation first proposed by Cesaroni and based on interval transit time 
that is available from seismic data and well-logging data (Rocha, 1993). This 
correlation takes into account both consolidated and unconsolidated formations and 
given below.
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p .  =3.28 — f o r  A/ > 100^ sec/ f t  
88.95
3.10
p , = 2.75 -  /o r  Af < lOOp sec//f
A / w w + 2 0 0
It should be noted that the AGIP correlation is developed for data obtained 
from European fields and cannot be extrapolated to other geological regions in the 
world. Rocha also showed that the densities from the AGIP correlation are 
significantly smaller than the densities obtained from density logs taken in Brazil.
There are other methods to develop similar correlations. For example, the bulk 
density can be established using density and sonic log data for different regions. Such 
a method can be developed based on two porosity determinations from two different 
logs. Then, bulk density can be obtained from the simultaneous solution of these two 
equations. It should not be forgotten that many factors affect the sonic and the density 
tools. Formation porosity can be calculated from the density log and the sonic log by 
use of the following two well-known formulas given by Bassiouni (1994)
(f, = 3.11
P m a ~ P f  
At  -  At ma
-Afma
3.12
If both logging tools indicate the same porosity value for the same depth interval, a 
simple relationship for the density is obtained. This relationship is obtained from 
equalizing Equations 3.11 and 3.12 and solving them for the bulk density, which is
3.13
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Although the above relationship is simple, it has many shortcomings such as 
the need for the knowledge of the lithology, the lack of full saturation of pore spaces, 
the borehole environment effects on logging tools, the weakness o f the theory behind 
the sonic log, etc.
Constant and Bourgoyne (1988) introduced another overburden pressure
determination method using porosity variation with depth. Their method is an
extension o f Eaton’s approach by fitting stress ratio to depth exponentially and
calculating the overburden stress based on an exponential trend of average porosity
«
from bulk density log data. This method basically assumes that the formation porosity 
declines exponentially with increasing sediment depth and given as 
=  3 . 1 4
The constants, surface porosity ((|)o) and porosity decline constant (K), are the required 
parameters to determine the overburden pressure. Therefore, porosity variation with 
depth must be obtained from an external source such as density log or offset well data. 
These constants can be determined graphically or by the least-square method. Once 
the porosity change in the sediments is obtained, the overburden pressure is calculated 
by solving Equation 3 .1 1  for bulk density (pb), substituting this bulk density into 
Equation 3 . 9 ,  substituting D s = ( D - D w ) ,  and integrating Equation 3 . 9 ,
= S P . D . + g p , D ,  -  ) 3.15
The main shortcoming of calculating the overburden pressure from the above 
equation is the dependency on exponential porosity variation with depth. However, 
shale-sand sequences with depth may interrupt complex lithology and geological
44
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
processes, indicating that an exponential function for porosity does not hold. In 
addition, the lack of shallow depth porosity data may also cause imprecise overburden 
pressure calculations since shallow depths are usually not the primary interest in 
finding oil and gas reserves.
It is well-known fact that the fracture gradients and overburden pressures in 
offshore areas are significantly affected by water depth. Based on the different water 
depths, the variation of the overburden pressure and the fracture gradient change was 
studied by Eaton (1969), Christman (1973), and Eaton and Eaton (1997). Increasing 
water depth reduces the total overburden pressure and results in lower formation 
fracture gradient. Thus, the gap between the formation fracture pressure and the pore 
pressure gets closer with increasing water depth. This reduction is more severe 
particularly in the shallow sections of deep wells. As a result of this phenomenon, the 
casing string setting depth requirements in offshore areas are altered, and subject to 
many works done by researchers such as Schuh (1979), Aadnoy et al. (1989), and 
Walters (1991). As a result of these studies, it is pointed out that the more casing 
strings would be required to set with increasing water depths to drill the same target 
depth. Also, the length of conductor and surface casing strings should be increased to 
maintain the same formation fracture gradients and to maintain well control of flows 
as used in shallow water.
1-psi/ft of overburden pressure gradient resulting from geostatic load is often 
used to calculate approximate overburden pressure when sufficient data or bulk 
density variations with depth are not available. This assumption results in constant 
bulk density for the entire sediments. However, this assumption can also lead
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tremendous errors while calculating overburden stress, especially in shallow marine 
sediments environment.
Overburden pressure due to geostatic load of sediments may not represent the 
in-situ vertical stress-state since there may be some geological processes other than 
sedimentation. Upward movement of salt domes and plastic shale domes, common in 
U.S. Gulf Coast area, are the examples of such geological processes. Rocks with high 
shear resistance may result in vertical stress, which may be greater than geostatic load 
(Bourgoyne et al., 1991).
3.1.2 Formation Pore Pressure
During the sediment deposition, the weight of solid particles supported grain- 
to-grain contact points does not under the influence of the fluid hydrostatic. When 
deposition continues with time and burial, the former deposited sediment particles get 
under the influence of geostatic loads and try to reorient themselves in order to 
minimize the load effect. This means that the sediment becomes more compacted and, 
as a result, pore space to fluid starts decreasing. Therefore, pore water tends to escape 
through the permeable paths from the decreasing pore space. This process continues as 
long as a permeable path is available; otherwise, the pore water is kept in the pore 
space. This trapped pore fluid will be pressurized with time and additional sediment 
burial and results in higher pore pressures. Since the overburden pressure is constant 
by definition, this process will induce low vertical matrix stress to keep the pressure 
balance. In addition, the lower vertical stress also results in smaller horizontal matrix 
stress, which controls the formation strength or the formation fracture pressure. The 
main challenge in this field is to detect and compute the abnormal pore pressures and
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zones. Numerous publications to predict pore pressure variations are available in 
literature. Since the pore pressure is not the concern of this study, the detailed 
summary of methods on the pore pressure aspect will not be covered. The pore 
pressure at point of interest depth will be assumed to known when it is necessary.
3.1.3 Wellbore Effect
Natural subsurface stress-state is altered, and most wellbores are cracked while 
drilling a well. Fluid pressure, hydrostatic plus applied surface pressure, forces the 
wellbore to expand, which is resisted by the compressive stresses in the rock. A 
fracture and pre-fracture during the LOT occur and propagate when drilling fluid 
pressures overcome the minimum compressive stresses at the wall of the well. A high 
stressed, compressive, local zone around the well takes place to oppose this distortion 
since the rock surrounding the wellbore must bear the load that was previously 
supported by the removed rock. This situation results that the magnitude of pressure 
needed to initiate fracture must be greater than the natural minimum stress. It also 
implies that fracture extension or propagation requires less pressure compare to that of 
fracture initiation and reopening. These results are also confirmed by field 
observations. Also, different rock types may have different in-situ stress levels even 
for the same burial depth. For example, shales have higher in-situ stresses than those 
of sands do because the horizontal stress is approximately equal to the vertical stress 
(near hydrostatic equilibrium condition); therefore, a sand formation will fracture at 
lower pressures (Gidley et al., 1989).
Elastic theory, cylindrical borehole, and isotropic and homogenous rock are 
assumed to examine and calculate this distortion. This higher stress concentration on
47
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
the wellbore wall dissipates rapidly away from the hole, and approaches to the natural 
field stress within few hole diameters, (Hubbert and Willis, 1957; and Risnes et al., 
1982). The effect on well diameter on fracture pressure is founded negligible. The 
outer to inner radius greater than ten for a hollow limestone cylinder was used in the 
experiments, and little or no changes was observed (Almeida, 1986).
It is fount that the stress distortion effect on unconsolidated sand and some 
clays may result in lower fracture initiation pressures than the propagation pressures 
(Postier, 1997). A plastic zone around the well created due to breakdown of 
intergranular cementation bonds while drilling these formations is the cause of this 
phenomenon. This plastic region exists a short distance around the wellbore and 
modeled by elastoplastic constitutive models, (Risnes, 1982; Jaeger and Cook, 1979; 
Wang et al., 1994; Wojtanowicz and Zhou, 1998; and Gnirk, 1972). Consequently, 
there may be two distinct stress regions: a weaker plastic zone around the wellbore 
and a stronger elastic zone outside of the plastic region. It is obvious that existing of a 
plastic zone around wellbore will result in larger and irreversible displacements. On 
the other hand, the development of these irreversible displacements will continue until 
the formation is fractured.
The fracture growth during a LOT stops when the fracture reaches the plastic 
and elastic region boundaries, and further pressure increase is required for creating and 
extending the fracture in the elastic region. If a LOT is conducted such formations. 
Postier (1997) pointed out that there will be two fracture opening pressures, i.e., two 
distinctive LOP observation due to two linear pressure build-up slops behavior as 
shown in Figure 3.3.
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Figure 3.3 Plastic/elastic zones effect on LOT behavior (Postier, 1997)
3.1.4 Pre-Existing Cracks, Joints, and Faults
The pressure, required to breakdown the formations, might be greatly affected 
if the wellbore intersected by cracks, joints, and faults. As was stated before, wellbores 
are cracked before or during drilling. Also, Hubbert and Willis (1957) stated that any 
section of a wellbore is probably intersected a few tens of feet long of cracks. This 
situation reduces the fracture pressure and resulted in a common fear in the oil 
industry to avoid conducting LOTs, particularly in shallow sediments. However, such 
cracks will tend to close due to natural compressive stresses forcing the crack faces 
together. Therefore, in most application the tensile strength of formations is assumed 
negligible or zero. The pressure required to open an existing fracture would be less
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than the pressure required to initiate a fracture, shown in Figure 3.4, because of zero 
tensile strength of cracked wellbore. In addition, the size of the pre-existing cracks 
relative to well radius alters a LOT behavior, and the results of this effect are shown in 
Figure 3.5 (Postier, 1997).
I
iRock tensile straigth = t




Miiiinmim stress at wall =x
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Breakdown pressure  ̂x 
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NO PRE-EXISTING CRACKS PRErEXISTING CRACK
Figure 3.4 Effect of pre-existing crack on LOT behavior (Postier, 1997).
Pre-existing cracks will also alter the orientation of fracture and fracture 
configuration such as vertical and horizontal fractures. It has been observed that at 
relatively shallow depths or in upper marine sediments (e.g. < 2,000 ft), the horizontal 
fracture may take place rather than vertical fracture, (Harrison et al., 1954; Gidley et 
al., 1989; and Wojtanovicz and Zhou, 1998). But, the horizontal fractures establish 
low percentage of cases experienced to date. In upper marine sediments, cement 
channeling failure rather than the horizontal fracture failure may occur depending on 
the contact stress and overburden pressure (Wojtanowicz and Zhou, 1998).
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Figure 3.5 Effect of pre-existing crack length (Postier, 1997).
3.2 Fluid Penetration, Fluid Viscosity, and Formation Permeability
A penetrating fluid has ability of permeating a formation and reduces the 
fracture initiating pressure, (Hubbert and Willis, 1957; Haimson and Fairhurst, 1967; 
Almeida, 1986; Bourgoyne et al., 1991; and Postier, 1997). Whether a fluid is 
penetrating or non-penetrating depends on the size of the interconnected pore size and 
availability of natural fractures, cracks, faults, and joints in the formation. The 
penetrating fluids temporarily increase the pore pressure in the vicinity of the wellbore 
during a LOT. The formation strength will also be temporarily reduced because high 
pore pressure reduces the effective matrix stress. Figure 3.6 shows the pressure 
distribution around the well for penetrating and non-penetrating fluid cases.
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Well RockWell Rock
Penetrating fluidNon-penetrating fluid
Figure 3.6 Effects of fluid type and pressure distribution around well (modiffed 
from Haimson and Fairhurst, 1967)
The type of the testing fluids used in LOT have the same effect, decreases the 
formation strength, if it is penetrating fluid. In other words, since oil-base mud 
penetrates better, it will reduce the fracture strength more compare to that of water- 
based mud if all other conditions are kept unchanged. The same logic can be extended 
for permeable rock, i.e., a permeable rock gives lower fracture pressure than 
impermeable rock if all other conditions are identical (Haimson and Fairhurst, 1967). 
In addition, a LOT plot may give non-linear shape if it is conducted in a formation that 
has high permeability. If a mud forms mud cake on the permeable formation, it is 
assumed to be non-penetrating fluid even though there might be some filtration losses 
(Almeida, 1986).
Viscosity of the drilling fluid used in LOT has an essential effect on crack 
stability and extension. Higher fluid viscosity results in bigger pressure drop in the 
fracture. Therefore, the pressure at the fracture tip will be felt less. Even though the
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pressure in the wellbore is higher than the fracture opening or propagating pressure, 
and the fracture growth will seize due to viscosity effect. Unstable crack growth, then, 
requires higher pressures in the well to sufficiently supply the necessary pressure in 
the fracture tip. Thus, lower viscosity fluids are desired in the hydraulic fracturing 
operations. In addition, the fear of breaking down the formation during the LOT is not 
realistic particularly when testing with drilling mud due to proper pump control 
availability (Postier, 1997).
3.3 Pump Rate
It has been found that the formation breakdown pressure is significantly 
affected by the pump rates, (Griggs, 1963; and Postier, 1997). A direct proportionality 
exists between the breakdown pressure and the pump rates. Formation permeability, 
fluid penetration, and time are considered as the causes of the pump rate effect. It is 
observed from the field LOT that the faster the pump rates the higher the fracture 
initiation and the breakdown pressure. Figure 3.7 is an example field LOT indicating 
the effects of pump rate on LOT behavior. As can be seen from the plot that once the 
pump rates overcome the fluid losses, resultant LOT curves tend to approach to the 
same maximum fracture pressure value no matter how fast the pumping rate is.
The LOP recorded at high pump rates does not give safe estimation of the 
fracture pressures. Conversely, the lower pump rates may also fracture formations if it 
is exposed to formations for long period of time as in well control operation or routine 
circulation. Therefore, a conservative and safe LOP values should be obtained using 
slowest pump rates (Postier, 1997). It is also a common application during a LOT to 
repeat the test with different pumping rates to observe the changes in LOTs behavior.
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Figure 3.7 Effect of pump rate on a field LOT behavior (courtesy of Amoco).
3.4 Cement Channels
Cement channels are the basic sources of unusual LOT behavior. They provide 
a natural pathway to test fluid to a shallower zone with a lower fracture gradient. They 
may occur around or through the cement column. In general, a non-linear LOT 
behavior is the main effect of cement channels. In addition, expected fracture 
pressures from predictive methods are not obtained in case of channel existence, 
minimum 0.5-ppg less than the predicted value. The repeat tests are the only source of 
verifying cement channels. Once the indications are observed, test must be repeated to 
get the same behavior. The repeat test is also needed in this situation because other 
formation related effects sometimes might produce this kind of behavior (Postier, 
1997). In other words, the repeat test is usually the only way to distinguish between
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the cement channel and the formation effects. Postier also described three different 
channel types and behaviors as depicted in Figure 3.8.
The first one is a large-open channel, which allows instant communication to a 
weaker zone above the casing shoe. Fracture occurs in the weaker zone at a lower 
pressure than that of the openhole zone. The shape of the LOT does not affected by 
this type of channel, but expected LOP and fracture pressures are significantly lower 
than the predicted pressures. The author pointed out that a large-open channel should 
not be suspected unless the leak-off is more than 0.5-ppg below the predicted leak-off 
value.
The second one, a small-open channel as shown in Figure 3.8, serves as a 
choke and allows only a part of drilling fluid to pass through it. In this case, test result 
gives two different slopes: first one passes through the origin until the fracture of the 
weaker zone, and the second slope (a lower slope due to losses through the channel) 
until a fracture opens in the stronger zone in the open hole. This channel type gives 
higher fracture pressure gradients than the predictions. The small-open channel may 
give second slope after shut-in period until the pressure stabilizes.
The third type of cement channel is a plugged channel that unplugs during the 
test. In other words, pressure communication the weaker zone takes places in the later 
phase of the test. The pressure builds up at normal rate until the plugged material 
(generally gelled mud) is forced out of the channel. The pressure required to open 
plugged channel is relatively high, about in the order of LOP. The pump pressure 
drops when the channel is unplugged and causes to fracture of weaker shallow zone. A 
high shut-in pressure drop is observed due to large difference between the final
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pumping pressure and the fracture pressure of weaker zone. The shut-in pressure most 
of the time drops to almost zero, indicating the weaker zone’s stress level is around or 
less than the hydrostatic pressure of the drilling fluid in the well. The repeat test in this 
case verifies one of the other two channel types because channel becomes unplugged 
after the first test.
Predicted Leak-off





Small open channel: 




Plugged channel: Large 
Drop in shut-in pressure
Volume/Time 
Figure 3.8 Effect of cement channels (Postier, 1997)
3.5 Temperature Effect
Temperature effects on LOT are shown mainly in the drilling fluid 
compressibility and the properties of formation parameters. The water compressibility 
is a function of both pressure and temperature. The water compressibility at elevated
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temperatures and pressure is based on Tait’s experimental work, and Wilcox (1982) 
gives his empirical equation in more useful form below.
___________ 0J368___________________________  3 16
" - 1 .7 8 9 7 '+181.27T + 40,096.1 + P
where pressure is in psi and temperature is in Celsius. Equation 3.16 is valid in the 
temperature ranges of 25® C to 85® C. Compressibility of water at elevated temperature 
and pressure can be calculated from the above equation. However, the temperature 
limits is strictly forced to use this equation. Almeida (1986) stated that this equation 
could be safely used up to 125® C. During a LOT, this high temperature is not usually 
attained.
Temperature changes also effect formation stress-strain relationship and other 
material constants such as modulus of elasticity, Poisson’s ratio, thermal conductivity 
of rock, etc. However, there are models that take into accounts the temperature effect, 
and Equation 3.8 is an example of such model.
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CHAPTER 4 
MATHEMATICAL MODEL
In this chapter, a mathematical model employing well-known compressibility 
equation using material balance concept will be derived for five different 
compressibility conditions to fully analyze non-linear LOT behavior. The model 
derived for these conditions will also allow investigation o f the effect o f each 
individual compressibility variable relative to each other. As was stated before, there 
is no analytical or semi-analytical model available in the literature to study detailed 
LOT behavior. Even though the lack of mathematical models does not have significant 
impact on LOTs that display distinctive straight-line behavior, the impact on non­
linear behavior is apparent. Thus, a mathematical model that can be used for non­
linear LOT is essential, particularly for further research on this subject.
The more elegant solution to the problem is obtained in differential equation 
form. As a first attempt, this solution method was evaluated. However, after a certain 
stage it was found that there is no analytical closed-form solution for the resultant 
differential equation other than numerical integration. This solution method and its 
integral form are given later in this chapter under the subsection 4.7. Therefore, the 
following solution technique is followed to get general solution. This technique is 
based on stating the compressible system as a material balance equation. Then, each 
factor in the material balance equation is evaluated. Finally, the general solution from 
this approach is determined by imposing superposition theorem.
The following work is an attempt to address an analytical model for the general 
solution o f the compressible system using a material balance concept. The overall
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system compressibility or the total system compressibility is evaluated as a function o f 
the compressibility o f the drilling fluid, borehole expansion, casing expansion, and 
fluid leak into a formation. The following general assumptions are part o f  the 
derivation o f  the model:
1. Homogeneous, compressible wellbore system,
2. Isothermal non-penetrating drilling fluid in the well,
3. Constant thickness o f mud cake on the wall during the test indicating constant mud
cake permeability,
4. Cylindrical expansion in openhole and casing string,
5. No end effects at the bottom o f the hole and no expansion or fluid loss in the
vertical direction at the bottom o f the hole,
6. One principal stress parallel to the borehole axis, and
7. Isotrophic and elastic rock.
Assumption 3 allows one to use the Darcy equation while describing the leak 
condition. Before conducting the test, the drilling fluid is circulated to provide uniform 
density in the borehole. During this phase, the drilling fluid forms an impermeable 
constant thickness mud cake on the formation wall. If  the exposed formation has very 
low or insignificant permeability, then this assumption holds automatically. 
Assumptions 4 and 5 are made due to lack o f information about borehole condition 
during the test. There is no easy technique to survey this condition for relatively short 
time test periods. Some other geometries such as inverse cone shape or spherical 
borehole shape can be considered to model borehole expansion. However, different 
geometries used to calculate borehole expansion volume under loading conditions
59
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
would affect the relationships o f some constants in the model equations. Also, they 
will not change the general response o f the system. The constants depending upon the 
chosen geometry can be either fluid properties or formation properties. Assumption 6 
is made to derive equations although it is barely observed. In practice, the orientation 
o f the principal stresses are not known, but it is generally assumed in vertical and 
horizontal directions. The orientation of principal stresses would be o f interest in 
directional boreholes. Assumption 7 implies that there is no preferential tendency in 
horizontal direction. In this study, stresses on horizontal plane are assumed to be equal 
to each other and equal to vertical stress as well. This is approximately true in 
tectonically relaxed areas, where the only active force is gravity. In addition, rocks 
other than incompetent rocks usually obey the elastic theory until the point o f fracture.
The assumptions made in this work will, indeed, introduce some deviation 
from the exact behavior. However, this is the only way to develop mathematical 
models to analyze physical phenomena observed in nature. In general, homogeneity 
and isotropy assumptions along with others are introduced in mathematical models to 
simplify the derivations. These assumptions must be made if  useful models are desired 
to solve engineering problems. In addition, data are generally not sufficient to enable 
researchers to eliminate these assumptions.
The system volume change due to casing expansion may be very small, 
particularly assuming that the casing-formation annulus is cemented from bottom to 
top. Thus, the casing expansion volume is generally neglected when analyzing volume 
change o f the system under different loading conditions. However, the volume 
expansion o f casing string may be significant relative to borehole expansion, even for
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short casing strings. Therefore, the system volume change due to casing expansion 
will be included to the model derivation.
Before obtaining a general solution for the model, we will decompose the 
compressible system into sub-systems as shown in Figure 4.1 so that we can evaluate 
the effects o f each individual sub-system and determine material balance components. 
The five sub-systems are:
1. Behavior o f a system having only fluid compression,
2. Behavior o f a system having only casing expansion,
3. Behavior o f a system having only borehole expansion,
4. Behavior o f a system having only a leak into the formation, and
5. Behavior o f a whole system (combination o f the first four sub-systems).
Fig 4.1 Possible sub systems for modeling leak-off tests.
(a) closed system, (b) casing expansion, (c) borehole expansion 
(d) leak, and (e) general solution case.
Detailed derivation of the model equations for the all sub-systems is given in 
Appendix A. Both exact and approximate solutions for sub cases along with the
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general solution for the whole system will be provided in this chapter. Justifications to 
use approximate solutions instead o f exact solutions are discussed, and calculation 
results using a field LOT example are given in Chapter 5.
Pumped volume for any LOT can be easily considered and stated as the 
material balance equation since the summation o f the volume o f each sub-system must 
be equal to the total volume pumped in. Put another way, the volume required to pump 
at the surface will be dissipated by each sub component in the well. Then, the material 
balance for the compressible system is stated in words and given in Equation 4.1. 
Derivation o f each component shown on the right hand side provides the mathematical 
model for any LOT. In this chapter, each component will be derived; additionally, 
details on derivations are presented in Appendix A.
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4.1 Behavior of System Allowing Only Fluid Compression
The system, in this case shown in Figure 4.1 .a is taken as a totally closed or 
isolated borehole, indicating that throughout the LOT, the system volume is essentially 
constant, and drilling fluid is steadily pumped into the system at a constant rate. In
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other words, there is no fluid loss into the formation, no borehole expansion (i.e., any 
ballooning effect) and no casing expansion. In other words, this situation consists of 
only drilling fluid compression in the well, and the fluid compressibility is calculated 
from the well-known compressibility equation given below:
In Equation 4.2, the minus sign on the right hand side of the equation suggests that 
there is an inverse relationship between pressure and volume. The minus sign indicates 
that if  the volume o f the drilling fluid in the system is decreased, the pressure o f the 
drilling fluid increases or does the opposite. Therefore, we can eliminate the minus 
sign in the equation, and the positive sign form o f the equation will be used throughout 
this work. The subscript T will be dropped while deriving the following model 
equations with the understanding that temperature is held constant in the system 
during the LOT. The term dW represents the rate change of pumped fluid volume into 
the system that compresses the drilling fluid in the well at any time during the test. 
The term Vo is the total drilling fluid volume in the closed system before the test and is 
not constant throughout the test due to additional pumping o f drilling fluid. Note that 
the system’s border (borehole wall) is rigid, indicating no displacements on the wall at 
all. Separating variables and integrating Equation 4.2 give the exact solution in terms 
o f pumped volume (V)
F  = 4.3
Examination o f Equation 4.3 reveals that it is a very weak exponential function since 
the exponent term is dominated by the compressibility term (c), which is in the order
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o f 10'^, indicating that the exponential relationship can be approximated to linear 
relationship. In other words, the pumped volume is a linear function o f the system 
response, the pump pressure. The approximate solution o f Equation 4.2 in terms of 
pumped volume is
V  = cV^P  4.4
The last equation is the well-known compressibility equation commonly used in 
engineering practices instead o f  Equation 4.3. The pressure differential form o f 
Equation 4.4 is used to distinguish each sub-system’s effects on the test behavior and 
written as
—  =  —  4.5
d V  cV ,
The difference between the exact and approximate solutions for various 
compressibility, pressure, and system volume variations is given under parametric 
study title in the next chapter and summarized in Table 5.1. Since the error introduced 
by Equation 4.4 is less than 1% relative to that o f exact solution as seen from the table. 
Equation 4.4 will be used when writing the model equation for the general solution 
case due to its simplicity.
Equation 4.4 mathematically indicates that a plot o f injection or pump pressure 
vs. pumped volume results in a straight-line relationship, and the slope o f the straight- 
line is l / ( c V o )  with a zero intercept. In other words, the differential o f pressure with 
respect to pumped volume is a straight-line relationship, as given in Equation 4.5 if  the 
other effects are neglected. In Equation 4.4, the parameter c is the effective 
compressibility o f the drilling fluid and can be calculated from the use o f
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compressibility values o f the drilling fluid components and their fractions in the 
drilling fluid being used in the test. The product o f cVq using a calculated value for c 
is also known as the minimum volume line, which is a quality indicator for a LOT 
(i.e., it is the maximum slope attained in a LOT). It is desirable to have data points fall 
very close to this line in a LOT. Departure from this line is also an indication o f some 
other undesired effects, such as insufficient pumping rates as a result o f high 
permeability in the formation, cement channels due to unsuccessful cement job, 
trapped air or gas in the system, formation effects (joints, cracks, faults), etc. The 
minimum volume line can be obtained with the drilling mud composition and the 
volume o f hole. Approximate compressibility values of the water, oil and solids are 
listed in Table 4.1. Fractional components of the drilling fluid can be determined from 
drilling fluids manuals, simple retort test analysis, and some charts available in drilling 
books, such as Bourgoyne et al (1991).
Table 4.1 Average compressibility values for drilling fluid components 
(Bourgoyne et al. 1991).




4.2 Behavior of System Allowing Only Casing Expansion
Determination o f the pumped volume caused by a change in the surface pump 
pressure in Equation 4.1 requires determining the volume increases o f the system due 
to casing expansion. To determine casing expansion, one must know the strain or the 
casing dimension changes associated with annular pressure change (or pump pressure 
change). Pressure induced stresses in a casing body will be considered in an elastic
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region since formation failure or fracture occurs before violating the elastic strength 
range of a casing string. In other words, it is assumed that either the casing string is 
not yielded plastically during a LOT or stress in the casing is kept below the plastic 
limit (yield point).
To simplify the stress-strain equations, the casing string is assumed to be a 
uniform cylinder. In addition, the couplings for the casing are neglected. Because of 
symmetry, casing keeps its cylindrical shape when applied pressure displaces all 
points o f the casing wall by the same amount. Thus, no shearing stresses can take 
place on transverse planes. In other words, only principal stresses act on the transverse 
planes. For any element on the casing wall, mutually perpendicular principal stresses 
exist. These principal stresses are called radial (Or), tangential (oe) or so-called hoop, 
and vertical (Oz) or so-called longitudinal stresses (Jaeger and Cook, 1976). The 
principal stresses acting on a casing string are shown in Figure 4.2. The vertical stress, 
not shown in the figure, is perpendicular to the cross-section o f the casing string and 
passes through the center of the casing.
Radial and tangential stresses as a result of pressure loading in the casing can 
be obtained from the solution of equilibrium equation given by Jaeger and Cook 
(1976). Also, the change in pressure and stress is of interest rather than the absolute 
value o f these parameters; thus, the pressure and the stress are related as
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The sign convention throughout this work is that compression and contraction 
are positive while tension and elongation are negative. In addition, the pressure 
outside the casing is the drilling fluid hydrostatic, and no pressure change outside the 
casing (APo) can be assumed. Thus, the pressure change in the casing (AP,) 
automatically becomes the observed pump pressure (AP=Pi). Then, Equations 4.6 and
4.7 are rewritten as
Figure 4.2 Stresses acting on a casing string.
'  R l - R -  R l - R -
RfhP R-Rli^P)




The equations predicting the change in vertical or longitudinal stress can be 
derived using Hooke’s law, which relates the principal stresses and strains to each
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other using linear elastic theory. Since the casing is assumed to be cemented from 
bottom to top, there will be no strain- that is plain strain condition (Sz=0)- in the 
vertical direction. Then, the relationship for vertical stress (oz) is 
Acr  ̂ =v(A<7^ + AcTg) 4.10
Diametral strain on a cylinder is equal to the tangential or the radial strain. It is 
also stated as the change in diameter divided by the unstrained diameter. The 
diametral strain (se) caused by a change in inside-casing pressure is also obtained from 
Hooke’s law and given as
=='%, [Ao-g -  v(Ao-, + Ao-2 )] 4.11
As can be seen from Figure 4.2 and Equations 4.8 and 4.9, the radial and the 
tangential stresses vary with radial location in the casing wall thickness. Therefore, the 
radial and the tangential stresses can be calculated in two different methods: (1) non- 
uniform stress distribution at the casing cross-section thickness and (2) uniform or 
average stress distribution at the casing cross-section thickness. It is obvious that the 
casing expansion volume due to inner wall displacement is the concern and results 
during a LOT. In this work, both cases will be derived; however, the stresses at the 
inner-casing wall will be used to model the casing expansion volume. Because the 
expansion volume created in the first case is greater than the expansion volume 
created from the second case, the volume difference determined from the two methods 
is significantly important. If  the casing string is not cemented from top the bottom, this 
effect is more pronounced. Justification for this particular situation using a field 
example will be introduced in the next chapter.
68
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
4.2.1 Casing Expansion Volume Due to Non-Uniform Stress Distribution
The radial and tangential stresses on the inner-casing wall due to non-uniform 
stress distribution at the casing cross-section can be calculated from Equations 4.8 and 
4.9 by replacing the term r with R,. Then, radial stress (or) and tangential stress (oe) 
become
A ct,  = AP
A ct, A P
4.12
4.13
R o - R f
The vertical stress (Oz) is calculated either from Equation 4.10 or by substituting 
Equations 4.12 and 4.13 into 4.10
A a ,  = v  A P 1 — 4.14
Diametral strain (89) is determined from Equation 4.11. Once the diametral strain on 
the inner-casing wall is obtained, the casing expansion volume (Vcsg-e) is calculated 
from the following equation.
V. = I n h R ^  ^e-csg "csĝ î
R . + R
4.15
Note that since the diametral strain (8 9 ) is small, its square will be even smaller. 
Therefore, the square term of diametral strain (8 9 ) was neglected while deriving 
Equation 4.15. The casing expansion volume is linearly proportional to pump pressure 
as seen from Equation 4.15. It also indicates that the plot o f pump pressure versus 
casing expansion yields a straight-line behavior. The pressure differential form of 
Equation 4.15 is a constant and written below
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‘ 4.16
R : + R t
Equations 4.15 and 4.16 also indicate that a linear relationship exists between the 
pumped volume and the pump pressure. Volume needed to compress the volume 
created by casing expansion is obtained by substituting the Ve^sg term from Equations 
4.15 instead o f Vo in Equation 4.4 and given below
r== 4.17
It is also note worthy that the casing expansion effect is not the cause o f non-linear 
LOT behavior since it is a linear function of the pump pressure.
4.2.2 Casing Expansion Volume Due to Uniform Stress Distribution
To get the uniform stresses for the radial and the tangential directions, one can 
integrate Equations 4.8 and 4.9 from the internal radius to external radius and divide 
by the wall thickness. Thus, average or uniform radial and tangential stresses for the 
change o f pressure in the casing assuming no pressure changes outside o f the casing is 
written as
â r  =  AP 4.18
â e =  L a p  4.19
The average vertical stress using Equations 4.18 and 4.19 in 4.10 becomes 
R }
cjz = -2 v — — -  A P  4.20
The diametral strain using Equations 4.18,4.19 and 4.20 is written as
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=4^ = i ;  [Ao-g -  + Ao-2 )] 4.21
h
The volume expansion of casing string due to the uniform stresses on the wall is 
calculated from the following equation.
O'-
4.22
The casing expansion volume relationship to the pump pressure can be obtained by the 
same analogy followed to obtain Equation 4.15. However, this equation will not be 
given here because it underestimates the stresses and strains. The reason will be 
justified in the next chapter using a field LOT example.
4.3 Behavior of System Allowing Only Borehole Expansion
In this case, borehole expansion (so-called ballooning effect) or borehole 
deformation is examined, which is depicted in Figure 4 .I.e. In other words, the 
system volume is not constant, i.e., the initial volume of the well (Vo) changes during 
the test and increases to a new value (Vo+Ve) due to borehole expansion. Note that the 
system wall is not rigid, indicating that the system expansion is allowed. However, the 
system does not allow any drilling fluid leaks or filtration. The term Ye is the volume 
increase due to borehole expansion caused by injection pressure, and it can be 
obtained from the wellbore geometry together with a rock or soil constitutive model. 
In this work, an elastic-perfectly-plastic rock model will be used because of its 
simplicity, and it does not require extension knowledge of material properties. Strictly 
speaking, the elastic properties o f tested formations are not known and not the 
objectives o f a LOT. In addition, the length o f an open hole is very short (10 to 20 ft)
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relative to the total well length (which may extend to 10,000 ft). Borehole and used 
constitutive models are depicted in Figure 4.3. Hooke’s law relates linear elastic 
stress-strain relationship until the material yields. Using Hooke’s law for an elastic- 
perfectly-plastic rock constitutive model, the following relationship between strain and 




Integration o f Equation 4.23 results in the relationship between the pump pressure and 
the borehole radius at any elevated injection or pump pressure. The exact solution of 
wall displacement is obtained after integrating Equation 4.23 as
r  p
-1 4.24
The approximate solution for the wall displacement is given by
. P 4.25
The volume increment (V,) due to borehole expansion can be calculated easily using 
borehole geometry and either Equation 4.24 or Equation 4.25. Assuming cylindrical 
borehole enlargement, then borehole expansion, Ve is given as
F, =;z*[(Ar + rJ' 4.26
Using Equation 4.26 together with Equation 4.24, one can get the exact solution o f the 
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r.+Ar
Figure 4.3 Borehole expansion and constitutive rock model.
Similarly, the approximate solution for the borehole enlargement volume is obtained 
by substituting Equation 4.25 in Equation 4.26, as given below
p r p Y l— + —
E U J  _K  =
The pressure differential form o f the approximate solution is 
d P   _______ 1_______
4.28
4.29
Note that both the exact solution (Equation 4.27) and the approximate solution 
(Equation 4.28) are derived using the borehole displacement (Ar) obtained from the 
exact solution, Equation 4.24. Detailed derivations for the borehole enlargement 
volume are provided in Appendix A. The borehole expansion volume from the
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approximate solution (Equation 4.28) can be considered as a linear function of the 
pump pressure since the (P/E)^ term is very small and neglected. The volume needed 
to compress the volume created by borehole expansion is obtained by substituting the 
volume term (Ve) from Equation 4.27 or Equation 4.28 instead o f the Vo term in 
Equation 4.4, and given below
V  = cV^P 4.30
Like the casing expansion case, the expansion due to the volume needed to compress 
the borehole expansion given by Equation 4.30 is very small and can be ignored.
4.4 Behavior of System Allowing Only Leak (Filtration)
When the system allows only drilling fluid filtration or leak from the system, 
we observe another special case o f the system. In this case the system is closed, i.e., 
the system volume is constant. However, the system wall is considered permeable and 
allows drilling fluid losses due to leakage into the formation or through the micro 
annulus (so-called cement chaimeling) in the cement column. Therefore, an extra 
volume is needed to compensate for these losses, and the representation o f this system 
condition is illustrated in Figure 4.2.d. The leak volume (Vf) can be modeled using 
different flow equations, such as Darcy’s flow in porous media or Poiseuille’s flow in 
channels. However, no matter what flow model is used, the leak volume versus 
observed pump pressure relationship will be the same. The only difference is the 
constant term, which has different parameters and will be given below. The general 
relationship for the leak volume is given as
d V f = D à P d t  or  V f = D A P t  4.31
Time (t) in Equation 4.31 is the ratio o f pumped volume to the flow rate and written as
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d V  V
d t  = ----  or  t = — 4.32
<1 9
Leak can be modeled by Poiseuille’s law, which is used to model flow through 
channels. Poiseuille’s law can also be used to model flow through cement cake by 
considering the small pores as flow channels. This approach even simplifies the 
solution because it results in an equivalent channel size for both flow through the mud 
cake and flow through the cement channel. I f  we consider the channel as having a 
cylindrical shape, then the leak constant (D) is
D  = —  4.33
S^L
The term L in Equation 4.33 is the length o f the channel. If  the channel shape is 
considered as the rectangular shape, then the constant D becomes
£> = 8.7 (10’ ) ^  4.34
The term W in Equation 4.34 is the width o f  the fracture, and Ax-s is the cross- 
sectional area o f the fracture, which equals the product of the width (W) and the lateral 
extent o f the fracture. As stated before, the leak constant D in Equation 4.31 takes 
various forms depending on the leak model being used, and Appendix A gives its 
other forms. It is also worthy to note that constant D in Equation 4.34 is in field units 
whereas constant D in Equation 4.33 is in SI units. The pumped volume versus the 
pump pressure relationship for the leak case is written if  the system allows only leak 
and drilling fluid compression. This form o f the relationship, of course, does not 
account for the casing expansion volume and the borehole expansion volume effects. 
Thus, the pumped volume is given by
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V = cV„P + V f + c V y P 4.35
The last term on the right hand side is very small since it involves drilling fluid 
compressibility (c) and will be neglected. Substituting leak volume into Equation 4.35 
and solving the pumped volume (V) give
F = 4.36
The last equation can be written in approximate form as
V = cV^P +
^ d "
3
c V , P ^ + c F J - p ^ + . . .
< 9 ; U J
4.37
The term D/q is very small and its power terms will be even smaller; thus, the powered 
terms can be ignored. Detailed derivation o f Equation 4.37 is given in Appendix A 






2cF, P  + 3cF, P ^ + . . .U J U J
4.38
Equations 4.37 and 4.38 indicate that a non-linear relationship exists between 
the pumped volume and the pump pressure. The non-linearity also means that the leak 
volume effect is the main source of non-linear LOT behavior. The pressure differential 
initially starts from system compressibility value o f cVo and steadily decreases with 
increased volume pumped. Physically, the pressure differential vs. pump pressure plot 
gives steady-state fracture pressure o f the formation when the value o f dP/dV is zero. 
Therefore, the pressure derivative form of the resultant pumped volume equations 
provides a diagnostic tool to distinguish functional behavior o f each sub-system.
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4.5 Behavior of Whole System (General Solution)
The general solution of the total system is obtained from the superposition 
theorem, which is the summation o f the all sub-system solutions. Recall that the total 
system solution for the model is given by Equation 4.1.








Jn  W ell j
C a s i n g  ^
'^Volume to   ̂
C om press  
C a s i n g  
E xpansion  
Volume
4.1
'Volum e to  ''
'Volum e to^ C om press 'Volum e
+ E xpand + B orehole + to




C om press 
L eak  
Volume
Substituting the derived equations for each component shown on the right side o f 
Equation 4.1, the desired solution for LOT behavior is obtained and given below.
R l - R }
( l - v ^ ) - ( v  + v^)
+ cP R l + R (
R l - R (
+ iTuhr,i P r p ^ '  P') (  p \i + — + cP iTihr^ — 1 + —
E I  E ) .
4.39





<9.) < 9 ,
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The last equations can be written in the following form
V =  x P  +  yP^ + z P ^  4.40
Equation 4.40 indicates that the pumped volume and observed pump pressure are 
related to each other with a cubic polynomial function for any LOT no matter what the 
shape o f a LOT behavior is. In addition, shape o f the LOT plot depends on the values 
o f material properties and constants, respectively, x, y, and z. Imposing the 
approximations and ignoring the insignificant sub-system factors, the material balance 
equation o f the compressible system is
'T o ta l  ̂
J^olume
'V olum e fo





J n  W ell ^
^Casing ^ J^eaks ^
4.41
The last equation states that the three sub-systems (namely, mud compression, casing 
expansion, and leaks) are the main factors consuming the pumped volume during a 
LOT. The justification o f the material balance equation for each component given in 
Equations 4.1 is provided in the next chapter. Substituting the equations derived for 
the terms on the right hand side o f Equation 4.41 yields the approximate solution form 
of the material balance equation
+
Rp+Rf
R l - R -
( l - v ^ ) - ( v  +v^)
4.42




P*  + ...
U  J <9, < 9 ,
The last equation is also in the form of Equation 4.41, which accounts for all factors o f 
the sub-systems. The exact solution of Equation 4.41 is given as
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1 - — P  ^
R l + R f
Rl  - R l
( l - v ^ ) - ( v  +v^) 4.43
9
The first term of Equation 4.43 stands for mud compression and leak volume while the 
second term stands for casing expansion volume. It is also obvious from this equation 
that the non-linear LOT behavior is the result o f the leak volume since the mud 
compression term (Vo exp(cP-l)) is a very weak function o f exponent term.
4.6 Solution Techniques for Derived Model
The general solution equation derived in the previous section can be solved by 
two different methods. The first one is dependent upon the coefficients o f these 
equations. In other words, if  the material parameters and the well geometry are known, 
the solution is straightforward. For any pumped volume, the pressure response of the 
system (pump pressure) is calculated using known material parameters. In other 
words, a LOT is not necessary to conduct if  these parameters in the coefficients are 
known in advance. The effects of each parameter on an example field LOT will be 
investigated in the next chapter. Then, it will also be justified that some terms in the 
developed equations can be easily cancelled out without creating notable error. In 
reality, only the pumped volume versus the pump pressure together with some 
additional limited data is recorded during the test. Material parameters are difficult to 
obtain particularly Young’s modulus (E). Additionally, the leak constant (D) cannot be 
evaluated prior to a LOT. Therefore, the first solution method is not feasible for 
analyzing a LOT.
The second method is essentially a graphical solution technique o f the 
observed data. If  the data are plotted in an appropriate manner for each sub-system
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equation, the material parameters or constant coefficients are obtained by analysis o f 
each data point until the model conditions are fulfilled. Once these coefficients are 
determined, the pressure response o f the system for any pumped volume is easily 
extrapolated. This means that the prediction o f fi-acture pressure of formations does 
not require running the LOT up to formation fi-acture.
4.7 Model Solution in Differential Equation Form
In this part, the general solution o f the system during a LOT will be derived 
using a differential equation form, particularly in the linear differential equation. A 
first-order differential equation given by Kreyszig (1993) is linear if  it is written as
y  +  p ( x ) y  = r ( x )  4.44
The basic property o f this equation is that it is linear in y and y’, whereas p and r  may 
be any functions o f x. If  r(x) is zero, the equation is homogeneous; otherwise, it is 
non-homogeneous. The general solution o f non-homogeneous Equation 4.44 is
y(x) = [ Je*rd!x: + A:], A = j p {x )d x  4.45
The choice o f the constant in the integration /  p(x) dx does not matter (Kreyszig, 
1993). We can represent the independent parameter (x) with the known parameter, 
pump pressure (p). Then, Equation 4.44 is
V' + p { p ) V  = r(p ) 4.46
Using approximate solutions obtained for each system factor, terms r(p) and p(p)V are 
obtained. The term r(p) is the summation o f the borehole expansion volume (Equation 
4.28) and the casing expansion volume (Equation 4.15) since they are only the 
function of pressure. Then, the following relationships can be written for r(p)
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K p )  =  ^ +  y  e-csg  = a +  -
b p+^p^=fp+gp^  
E
4.47
Similarly, the tern p(p) is the summation o f the terms mud compression volume 
(Equation 4.4) and the leak volume (Equation 4.37) since they involve both pressure 
and volume. Desired relationship for p(p) is obtained as
p i p )  =  c V P  + Vf = c V P  + — P V  =  n P V
q
Constants a, b, f, g, and n in Equations 4.47 and 4.48 are below
a  = Irdi, R :csg
R p - R f
R ^ + R f
( l - v ^ ) - ( v  +v^)
4.48
b  = 27ihr„ f  =  a  +  - g 4.49
n = c + -
D
The term h in Equation 4.45 is evaluated as
h =  jn P d p  =  —P^ 4.50
The integration constant is taken as zero in Equation 4.50 since it does not change 
result as mentioned before. The general solution for V(p) in Equation 4.45 is
V ( p )  =  e p " *  ( f P  + g P ^ ) d p 4.51
The integrand constant in Equation 4.45 is dropped since the integral is defined. It is 
unfortunate that the exponent term, exp(nP^/2), is in the form of exp(ax^) and cannot 
be integrated. Thus, an analytical solution form of the general solution is impossible.
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However, any numerical integral is the only method for evaluating the general 
solution. On the other hand, the numerical solution requires that the material 
parameters be known in advance. Since this type o f solution is not the goal o f this 
work, the other solution technique developed before in this chapter will be used.
If  the restrictions are applied as in the general solution case, the differential 
form solution can be rewritten. The functions r(p) and p(p) become 
r ( p )  =  K - c s g = a P  4.52
p ( p )  = c V P  +  V f =  c V P  + — P V  = n P V  4.53
q
Since p(p) does not change, the integrand h stays the same, and the differential form of 
the volume pumped becomes
V { p )  =  e
 ̂ "-P
je^ a P  dp 4.54
Equation 4.54 is also solved by a numerical integration technique due to the same 
reason as in Equation 4.51. The numerical integration solution o f the problem will not 
be sought since all the material parameters are not known beforehand.
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CHAPTER 5
SENSITIVITY ANALYSIS AND EXAMPLE APPLICATION OF MODEL 
USING SPREAD SHEET APPROACH
5.1 Parametric Study for Model Equations
The mathematical model derived in the previous chapter to analyze a LOT is 
quite complex, and must be simplified. However, this simplification should be 
justified term by term using acceptable values for the material parameters. Some 
equations in Chapter 4 were derived by two different methods: (1) exact solution and 
(2) approximate solution. On the other hand, approximate solutions ignore some terms 
that may introduce errors. If  these introduced errors are negligible, for example, 1 or 
2% differences relative to the exact solution result, the approximate solution can be 
used to simplify the equations.
The approximate solution given in Equation 4.4 is one o f the main 
simplifications o f the compressibility equation. Equation 4.3. Using acceptable values 
for the parameters, it is found that an approximate solution can be used instead o f an 
exact solution as shown in Table 5.1
Table 5.1 Results from exact and approximate solutions for drilling fluid 





















100 2.50E-06 1000 0.2503 0.2500 0.1249
300 2.50E-06 1000 0.7509 0.7500 0.1249
500 2.50E-06 1000 1.2516 1.2500 0.1249
1000 2.50E-06 1000 2.5031 2.5000 0.1249
1500 2.50E-06 1000 3.7547 3.7500 0.1249
2000 2.50E-06 1000 5.0063 5.0000 0.1249
2000 2.50E-06 2000 10.0250 10.0000 0.2498
2000 2.00E-06 1000 4.0040 4.0000 0.1000
500 2.50E-06 500 0.6254 0.6250 0.0625
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As can be seen from the table, the error introduced by approximate solution is 
much less than 1%, even in extreme cases. Therefore, the approximate solution given 
in Equation 4.5 can be used to analyze the drilling fluid compression during a LOT.
When calculating casing expansion voliune due to internal loading, a similar 
approach was used. The stresses acting on the casing string were calculated in two 
different methods: (1) non-imiform stress distribution at the casing cross-section wall 
and (2) uniform stress distribution at the casing cross-section wall. Using these 
approaches, the casing expansion volume was calculated for two different stress- 
states. Note that the first method does not have assumptions, i.e., it calculates the 
stresses at any point. Conversely, the second method assumes that stresses are equal at 
any point on the casing cross-section wall. It has been found that the error introduced 
by the second method is significant and cannot be used to calculate the casing 
expansion volumes due to hydrostatic loading during the LOT. An example 
calculation result from a LOT is given in Table 5.2. Note that the table also gives the 
necessary volume needed to compress the volume created by casing expansion.
As can be understood from the table, the casing expansion volume calculated 
from the average stresses is significantly less (~ 6%) than the exact solution result; 
thus, it cannot be used. This table is obtained using actual LOT data. The other relative 
data used to calculate table values are; SOxlO^-psi for the casing modulus o f  elasticity, 
0.3 for Poisson’s ratio, 11 % in. o f casing OD (10.88 in ID), and 12,815-fr o f casing 
length. The casing expansion volume would be calculated at about 6% less if  the 
uniform stress distribution method were used instead o f the non-uniform stress 
distribution method. This error is significant and cannot be ignored. It is also note
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worthy that the error introduced at all loading conditions is the same since the 
expansion volume is a linear function o f applied hydrostatic pressure.
Table 5.2 Casing expansion volume calculations from two different stress-states.





































0 0 O.OOOE+00 0.000 O.OOE+00 O.OOOE+00 0.000 O.OOE+00 0.000
1 201 7.750E-05 0.228 1.04E-04 8.203E-05 0.242 1.10E-04 5.514
2 381 1.469E-04 0.433 3.75E-04 1.555E-04 0.458 3.97E-04 5.514
3 565 2.179E-04 0.642 8.24E-04 2.306E-04 0.680 8.72E-04 5.514
4 742 2.861 E-04 0.843 1.42E-03 3.028E-04 0.893 1.50E-03 5.514
5 869 3.351 E-04 0.988 1.95E-03 3.546E-04 1.045 2.06E-03 5.514
6 1012 3.902E-04 1.150 2.64E-03 4.130E-04 1.217 2.80E-03 5.514
7 1164 4.488E-04 1.323 3.50E-03 4.750E-04 1.400 3.70E-03 5.515
8 1289 4.970E-04 1.465 4.29E-03 5.260E-04 1.551 4.54E-03 5.515
9 1412 5.445E-04 1.605 5.15E-03 5.762E-04 1.699 5.45E-03 5.515
10 1522 5.869E-04 1.730 5.98E-03 6.21 IE-04 1.831 6.33E-03 5.515
11 1608 6.200E-04 1.828 6.68E-03 6.562E-04 1.935 7.07E-03 5.515
12 1704 6.570E-04 1.937 7.50E-03 6.954E-04 2.050 7.94E-03 5.515
13 1780 6.864E-04 2.023 8.18E-03 7.264E-04 2.142 8.66E-03 5.515
14 1881 7.253E-04 2.138 9.14E-03 7.676E-04 2.263 9.67E-03 5.515
15 1964 7.573E-04 2.233 9.96E-03 8.015E-04 2.363 1.05E-02 5.515
16 2053 7.916E-04 2.334 1.09E-02 8.378E-04 2.470 1.15E-02 5.516
17 2112 8.144E-04 2.401 1.15E-02 8.619E-04 2.541 1.22E-02 5.516
18 2183 8.417E-04 2.482 1.23E-02 8.909E-04 2.627 1.30E-02 5.516
19 2207 8.510E-04 2.509 1.26E-02 9.007E-04 2.655 1.33E-02 5.516
Sometimes, the casing expansion volume is ignored when analyzing LOT 
behavior as suggested by some investigators, particularly if  the casing is cemented 
from top to bottom. It is also suggested that this expansion volume is insignificant 
even if  the casing is not cemented. When preparing Table 5.2, it was assumed that the 
casing string was supported by pore pressure of 0.465-psi/ft. The results revealed that 
the casing expansion is significant even if  a hydrostatic column supports it. The casing 
expansion volume is 14% o f the total volume pumped (2.665/19=0.14) for this 
particular example well. It is clear that this number is very significant and cannot be 
ignored under any circumstances when analyzing any LOT.
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Some pumped volume is required to compress the volume created by the 
casing expansion. However, this volume is very small relative to the casing expansion 
volume as seen in Table 5.2. For example, it is about a half percent o f the casing 
expansion volume at the end o f the test pressure value (1.33xl0-V2.655*100=0.5%). It 
means that the term calculating this volume in the equations can be ignored without 
causing any problem. In other words, when deriving Equation 4.1, the third expression 
on the right hand side is not necessary to evaluate.
Similar analysis to justify the use o f approximate solutions for the borehole 
expansion volume can be made. First, the wall displacement approximation from 
Equation 4.25 will be compared to the exact solution given in Equation 4.24. When 
calculating, a wellbore radius o f 0.5-fr was used, and results are listed in Table 5.3. 
















100 2.00E+06 0.000300 0.000300 0.0025
500 2.00E+06 0.001500 0.001500 0.0125
1000 2.00E+06 0.003001 0.003000 0.0250
1500 2.00E+06 0.004502 0.004500 0.0375
2000 2.00E+06 0.006003 0.006000 0.0500
2500 2.00E+06 0.007505 0.007500 0.0625
3000 2.00E+06 0.009007 0.009000 0.0750
1500 1.50E+06 0.006003 0.006000 0.0500
1500 1.00E+06 0.009007 0.009000 0.0750
1500 5.00E+05 0.018027 0.018000 0.1499
1500 1.00E+05 0.090678 0.090000 0.7481
It is clear from Table 5.3 that the wellbore displacement from the exact and the 
approximate equations gives almost the same values even in extreme loading and 
formation stiffness conditions. The error introduced from the approximate solution is
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less than one percent; thus, the approximate solution equation (Equation 4.25) can be 
confidently used to calculate borehole wall displacement for an analyzed LOT.
The borehole expansion volume is also derived for both the exact and the 
approximate solutions. Equation 4.27 was derived for exact solution, and Equation 
4.28 was obtained for approximate solution to calculate the borehole expansion 
volume. Table 5.4 shows the obtained results fi'om the both cases.


































100 2.00E+06 20 6 2.7976E-04 2.7976E-04 2.7975E-04 1.67E-07
500 2.00E+06 20 6 1.3991E-03 1.3991 E-03 1.3988E-03 4.17E-06
1000 2.00E+06 20 6 2.7989E-03 2.7989E-03 2.7975E-03 1.67E-05
1500 2.00E+06 20 6 4.1994E-03 4.1994E-03 4.1963E-03 3.75E-05
2000 2.00E+06 20 6 5.6006E-03 5.6006E-03 5.5950E-03 6.66E-05
3000 2.00E+06 20 6 8.4051 E-03 8.4051 E-03 8.3925E-03 1.50E-04
1500 2.00E+06 50 6 1.0498E-02 1.0498E-02 1.0491E-02 3.75E-05
1500 2.00E+06 20 12 1.6798E-02 1.6798E-02 1.6785E-02 3.75E-05
1500 1.50E+06 20 6 5.6006E-03 5.6006E-03 5.5950E-03 6.66E-05
1500 1.00E+06 20 6 8.4051 E-03 8.4051 E-03 8.3925E-03 1.50E-04
1500 5.00E+05 20 6 1.6835E-02 1.6835E-02 1.6785E-02 5.99E-04
1500 1.00E+05 20 6 8.5197E-02 8.5184E-02 8.3925E-02 1.49E-02
As is known from the federal regulations, a LOT must be conducted within 50-ft o f an 
open hole after drilling the casing shoe. Therefore, the relatively short openhole 
interval, generally 10 to 20-ft, is pressurized during the LOT. The borehole expansion 
volume, therefore, is very small. Also, the error from the two solutions is even less 
than a thousand of a percent, which was obtained where the formation Young's 
modulus is relatively small, around 100,000-psi. In addition to formation stiffiiess, the 
expansion volume is also sensitive to the borehole radius since the expansion volume
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is directly related to square o f the radius. If the borehole radius is doubled, the 
expansion volume is quadrupled when the other parameters are kept constant. The 
difference o f expansion volume between the exact and the approximate solutions is 
extremely small, in the order o f lO ^-bbls. In addition, the expansion volume is not 
even a tenth o f  a barrel for extreme cases as shown in Table 5.4. Therefore, the 
borehole expansion volume cannot be considered when examining a LOT. This means 
that the borehole expansion terms in the material balance equation given by Equation
4.1 are neglected when analyzing any LOT data. Then, the resultant general solution 
equation becomes very simple by imposing the approximations justified before.
In the leak case, the leak volume is calculated by Equation 4.31 with the 
knowledge o f channel sizes or permeability o f mud cake. It is very difficult to evaluate 
the leak volume; therefore, its effect will be calculated in the spreadsheet approach 
section using field data. As was mentioned before, good cement job at the casing shoe 
and impermeable mud cake at the borehole wall will not allow leak, and the test data 
slop will be very close to that o f minimum volume line. A typical LOT plot obtained 
in this case indicates a minor effect of other factors.
The quality o f the results depends upon the quality o f the data being recorded 
during a LOT. Once the quality o f the data is verified, or the data noises are detected 
and eliminated, the data can be used with a higher level o f confidence. Therefore, this 
chapter continues with quality analysis o f recorded data.
5.2 Quality Analysis of Recorded Leak-off Test Data
As was listed in the literature review chapter, there are many factors that might 
affect a LOT. These effects alter the data being recorded. In addition, the tools.
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equipment, or apparatus used to gather LOT data has significant effect as well. 
Another concern is the human factor. The effect o f each factor could be eliminated or 
minimized if  the drilling crew carefully follows the test procedures. Companies have 
training programs and manuals for their employees indicating how to maintain 
equipment and execute tests. On the other hand, it is generally accepted that there is 
always a possibility o f having problems that are related to data quality regardless o f 
how much care is taken in advance. Problems might also be due to measurements o f  
the pumped volume into the well, accuracy and sensitivity o f  pressure gauges, pump 
efficiency, well data, and human errors. It might also be difficult or sometimes 
impossible to detect and prevent the data quality problems associated with the effects 
listed above. Trapped air or formation gas in the system is a situation usually 
encountered in a LOT.
Air or formation gas might be trapped in the system following the drilling fluid 
circulation just prior to closing the well annulus. Since the air or gas density is very 
small relative to that o f drilling fluids and is very compressible, it drastically alters the 
overall system compressibility behavior. This effect is more dominant on early data 
points. Figure 5.1 shows an example o f a field LOT plot affected by trapped air or gas 
in the system. As shown, the early data does not follow the minimum volume line, but 
gives an upwardly concave behavior. Once the air or gas compressibility value 
approaches the drilling fluid compressibility due to continuous fluid pumping, the 
slope o f observed data approaches that o f the minimum volume line. This situation 
shifts the data points on the x-axis, representing volume pumped. In some cases, it can 
also shift the observed pressures. It is desirable to exclude this effect from the
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observed LOT data. Corresponding volume and pressure values in the case o f trapped 
air should be corrected for all recorded data points. Because, this effect might limit the 










Corrected for trapped air—e —Oljserved data
Figure 5.1 Quality analysis and correction of LOT data for trapped air.
The first step is to determine the data points that are affected. Either visual 
inspection or observation of the straight-line behavior portion o f the plot can be used. 
The former requires experience. The latter is preferable and will be explained herein. 
Finding the straight-line behavior part o f data is the first step. Next, extrapolating this 
straight-line to the x-axis gives the corresponding pumped volume due to trapped air 
or gas in the system. This volume is subtracted from the recorded volume data or is 
marked as zero pumped volume on the x-axis. Finally, pressure values for the affected 
data are read from the extrapolated fragment o f the straight-line data.
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5.3 Leak-off Test Data Processing Using Spreadsheet Approach
The model derived in the previous chapter to analyze LOT is quite complex 
and cannot be processed analytically. As was mentioned, use o f the developed model 
requires graphical solution. Although the analytic solution has been derived, it is 
necessary to use commercial software, for example, MS Excel, Quattro-Pro, etc. Using 
such software for this purpose is quite clear; easy to use, does not require 
programming knowledge, affords good interaction with other softwares (for example 
MS Word, MS PowerPoint, Word Perfect), flexibility, etc. In this study, MS Excel 
was used to analyze field LOT data.
As explained before, model equations can be analyzed in two different ways. 
The first one is that the volume pumped and the pressure response o f the system can 
be obtained directly if  the material properties are known in advance. In other words, it 
would not be necessary to conduct a LOT if  the material parameters were known. It is 
generally an unlike situation to have these data in advance. However, using some 
correlations and assumptions, these material properties can be approximated so that 
simulated pumped volume and the observed pump pressure relationship can be 
developed. The second method stands for curve matching. Since the volume pumped 
and the pump pressure data are available from the LOT, the coefficients o f model 
equations can be determined graphically.
5.3.1 Assumptions and Calculations for an Example Field Well Data
In the following sections o f this chapter, the application o f the two methods 
will be evaluated for field LOT data. Therefore, all available well and LOT data will 
be tabulated first. Then, the material parameters from correlations along with other
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relative assumptions for material parameters will be tabulated. The well data are given 
in Table 5.5, and calculated and assumed data are listed in Table 5.6. The pumped 
volume vs. the observed pump pressure plot is given in Figure 5.2.




Date of test 1987
Mud weight 14.4 ppg
TVD @ casing shoe 12,815 ft
TVD @ bottom hole 12,830 ft
MD @ bottom hole 12,840 ft
Open hole length 15 ft
Casing OD 11.75 in
Casing weight 65 Ibm
Casing grade Q-125
Pump rate 0.25 bpm
Cummulative volume pumped 19.5 bbl
Max. observed pump pressure 2,207 psi
# of data points recorded 66
Geology NA
Table 5.6 Assumptions and calculated other relevant data
ASSUMED DATA CALCULATED DATA
Water frac, of mud 0.74 Mud compressibility 2.27E-06 1/psi
Solid frac, of mud 0.26 System volume 1477 bbl
Oil frac, of mud 0 Channel width 0.02076 in
Casing ID 10.88 in Chanel area 0.76464 sq in
Young's modulus-csg 3.00E+07 psi Overburden pressure 12815 psi
Poisson's ratio-csg 0.3 Pore pressure 5959 psi
Mud viscosity 30 cp Effective matrix stress 6856 psi
Filtrate viscosity 1 cp Young's modulus-rock 1.41 E+06 psi
Cake thickness 2 mm Minimum volume line 2.98E+02 psi/bbi
Formation type Stockton shale Maximum volume line 1.49E+02 psi/bbi
Overburden gradient 1 psi/ft Mud cake permeability 0.0167 md
Pore pressure gradient 0.465 psi/ft
Sh/Sv, stress ratio 1
It is a well-known fact that there is no available standard data chart to record 
the well properties. Therefore, the recorded data for a LOT varies significantly from 
one operator to another. Most o f the time, some basic data such as casing, cement
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properties, pump rate, and mud data are not recorded, or are not informed. In addition, 
it is also not clear whether the LOT is a repeat test or not. Also, the casing test data are 
not available along with casing shoe test data. Most importantly, no further 
information is available if a squeeze cement job is conducted or not when unexpected 
low fracture pressures are obtained from the test. The lack of data makes it very 
difficult to analyze the effects o f some factors. Well data given in Table 5.5 
fortunately includes average number o f data even though it does not provide some key 









« Observed data Corrected for trapped air
Figure 5.2 Example field LOT data to apply model equations.
To analyze the LOT, it is necessary to make assumptions for some material 
properties including some calculations to complete the necessary data. The assumed
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data and the calculations is given in Table 5.6. Note that the assumed data number 
together with calculated ones are more than the recorded data although this is a well 
documented and recorded test data.
To calculate the mud compressibility, the fractions o f water, solid, and oil in 
the mud are required. These fractions can be obtained from the charts available in 
literature, such as one given by Bourgoyne et al. (1991). The mud density and the low 
gravity solids in the mud should be known to be able to use this chart. I f  the low 
gravity solid content o f the mud is not known, an average value o f 6 or 8% can be 
used since the result is not sensitive to these values, but to the mud density. The solid 
content o f  the mud can also be obtained from the following equation (Bourgoyne et 
al., 1991).
=0.3125 5.,
Assuming 6% of low gravity solids in the mud, the solid fraction o f the mud is 
calculated as 26%. If  the low gravity solids are ignored (f,g=0), the solid content would 
be 23%, which is acceptable. Using recommended minimum and maximum low 
gravity solid (0 to 14%), the limits o f the solid content (f ) for a 14.4-ppg density of 
mud are 23-28%. Since the mud is water based, there is no oil component in the mud. 
2.27xlQ-6-psi-i o f effective mud compressibility is obtained using the data given in 
Table 4.1. The formation Young’s modulus is obtained from Equation 3.3 together 
with the data given in Table 3.1 for Stockton shale, and the assumption o f 1-psi/ft of 
overburden gradient along with 0.465-psi/ft o f pore pressure gradient. Note that the 
ratio o f horizontal to vertical stress is assumed to be one. Since Young’s modulus of
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formation is used to calculate the borehole expansion volume, which is negligible, 
accuracy of the assumptions made to calculate Young’s modulus becomes less 
important. This situation will be explained and justified in this chapter using a field 
example. The effect o f the variation o f Yong’s modulus on borehole expansion 
volume for different scenarios was also given in Table 5.4.
5.3.2 Model Prediction from Exact Solution Equations
As was mentioned before, model equations were derived for two situations: 
exact solution and approximate solution. Also, in the previous section, it was justified 
that the difference between the exact solution values and the approximate solution 
values are negligible. Using the example well data provided in Figure 5.2, and Tables 
5.5 and 5.6, the following results were obtained and tabulated in Table 5.7.
It can be seen from the table that the predicted volume (Column 13) is almost 
identical to the pumped volume (Column 2). It is important that for this particular field 
test data, the leak volume (Column 11) from Equation 4.31 makes the most 
contribution. The mud compression in the system (Column 4) from Equation 4.3, the 
casing expansion (Column 6) from Equation 4.15, and the borehole expansion 
(Column 8) from Equation 4.27, are shown respectively. 19-bls o f  pumped volume is 
distributed as 8.859-bbls for the leak effect, 7.422-bbls for compressing the drilling 
mud and 2.655-bbls for casing expansion. The borehole expansion is about 10-3 order 
o f a barrel and definitely negligible. On the other hand, if  the openhole length were 
equal to the casing length, the borehole expansion would be 4.622-bbls 
(12,815/15*5.41x10-3). The volume needed to compress the volumes created by each 
sub-system (Columns 7, 9, and 12) is very small and can be considered as
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pumped corrected pressure mud strain expansion expansion volume expansion Expansion volume volume volume
bbl bbl psi bbl in/in bbl bbl bbl bbl in bbl bbl bbl
0.50 0.00 0 0.000 O.OOE+00 0.000 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 0.000 O.OOE+00 0.0000
1.00 0.50 128 0.429 5.22E-05 0.154 4.48E-05 3.13E-04 9.1 IE-08 4.94E-04 0.022 6.35E-06 0.6056
1.50 1.00 201 0.674 8.20E-05 0.242 1.10E-04 4.92E-04 2.25E-07 7.76E-04 0.056 2.56E-05 0.9728
2.00 1.50 307 1.030 1.25E-04 0.369 2.58E-04 7.52E-04 5.24E-07 1.19E-03 0.108 7.56E-05 1.5089
2.50 2.00 381 1.279 1.55E-04 0.458 3.97E-04 9.33E-04 8.08E-07 1.47E-03 0.173 1.50E-04 1.9117
3.00 2.50 476 1.598 1.94E-04 0.573 6.19E-04 1.17E-03 1.26E-06 1.84E-03 0.255 2.75E-04 2.4267
3.50 3.00 565 1.896 2.31 E-04 0.680 8.72E-04 1.38E-03 1.78E-06 2.18E-03 0.351 4.50E-04 2.9296
4.00 3.50 658 2.209 2.69E-04 0.791 1.18E-03 1.61 E-03 2.41 E-06 2.54E-03 0.463 6.92E-04 3.4669
4.50 4.00 742 2.491 3.03E-04 0.893 1.50E-03 1.82E-03 3.06E-06 2.87E-03 0.590 9.94E-04 3.9775
5.0^ 4.50 808 2.713 3.30E-04 0.972 1.78E-03 1.98E-03 3.63E-06 3.13E-03 0.727 1.34E-03 4.4172
5.50 5.00 869 2.918 3.55E-04 1.045 2.06E-03 2.13E-03 4.20E-06 3.36E-03 0.876 1.73E-03 4.8446
6.00 5.50 945 3.173 3.86E-04 1.137 2.44E-03 2.32E-03 4.97E-06 3.66E-03 1.037 2.23E-03 5.3537
6.25 5.75 972 3.264 3.97E-04 1.169 2.58E-03 2.38E-03 5.26E-06 3.76E-03 1.120 2.47E-03 5.5603
6.50 6.00 1012 3.399 4.13E-04 1.217 2.80E-03 2.48E-03 5.70E-06 3.92E-03 1.206 2.77E-03 5.8298
6.75 6.25 1044 3.506 4.26E-04 1.256 2.98E-03 2.56E-03 6.07E-06 4.04E-03 1.295 3.07E-03 6.0654
7.00 6.50 1080 3.627 4.41 E-04 1.299 3.19E-03 2.65E-03 6.49E-06 4.18E-03 1.387 3.40E-03 6.3225
7.25 6.75 1117 3.752 4.56E-04 1.344 3.41 E-03 2.74E-03 6.95E-06 4.33E-03 1.482 3.76E-03 6.5873
7.50 7.00 1164 3.910 4.75E-04 1.400 3.70E-03 2.85E-03 7.54E-06 4.51 E-03 1.581 4.18E-03 6.9020
7.75 7.25 1191 4.000 4.86E-04 1.433 3.88E-03 2.92E-03 7.90E-06 4.61 E-03 1.683 4.55E-03 7.1275
8.00 7.50 1218 4.091 4.97E-04 1.465 4.05E-03 2.98E-03 8.26E-06 4.72E-03 1.787 4.94E-03 7.3553
8.25 7.75 1262 4.239 5.15E-04 1.518 4.35E-03 3.09E-03 8.87E-06 4.89E-03 1.894 5.43E-03 7.6647
8.50 8.00 1289 4.330 5.26E-04 1.551 4.54E-03 3.16E-03 9.25E-06 4.99E-03 2.004 5.87E-03 7.8986
8.75 8.25 1318 4.428 5.38E-04 1.586 4.75E-03 3.23E-03 9.67E-06 5.1 IE-03 2.117 6.34E-03 8.1442
9.00 8.50 1350 4.535 5.51 E-04 1.624 4.98E-03 3.31 E-03 1.01E-05 5.23E-03 2.232 6.85E-03 8.4063
9.25 8.75 1375 4.619 5.61 E-04 1.654 5.17E-03 3.37E-03 1.05E-05 5.33E-03 2.349 7.34E-03 8.6384
9.50 9.00 1412 4.744 5.76E-04 1.699 5.45E-03 3.46E-03 1.1 IE-05 5.47E-03 2.469 7.92E-03 8.9288
9.75 9.25 1449 4.868 5.91 E-04 1.743 5.74E-03 3.55E-03 1.17E-05 5.62E-03 2.593 8.54E-03 9.2224

















s 00 S S
I
cd










R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
unimportant. Their total contribution at 2207-psi is 0.051-bbls out of 19-bbls, which is 
about 0.27%. If  the volumes given in Columns 7, 8, 9, and 12 are ignored, the final 
predicted volume from the leak, casing expansion, and mud compression would be 
18.928-bbls instead o f 18.999-bbls (0.37% error) at the end of the test.
Since the predicted volume from the model equations by means o f ignoring 
some effects is almost identical to that o f the test observation, the general solution 
given by Equation 4.43 can be used to analyze a LOT behavior. Note also that the 
casing wall and borehole wall displacements are small. The elastic borehole 
displacement (Column 10) is very small due to the high Yoimg’s modulus value, 
which is representative at this depth.
5.3.3 Model Prediction from Approximate Solution Equations
As in the exact solution case, the approximate solution for the example test 
data was also evaluated using the same procedure, except the equations. The results 
are given in Table 5.8. The following equations were used in the approximate solution 
calculations: Equation 4.4 for the mud compression volume, Equation 4.22 for the 
casing expansion volume, and Equation 4.28 for the borehole expansion volume. The 
leak volume is calculated from the exact solutions since it has no approximate 
equation form.
As can be seen from the table, the results obtained from the approximate 
solution equations are very close to the results observed during the test. The volume 
prediction from the approximate solution (Column 13) slightly underestimates the 
observed volume compared to the prediction from the exact solution equations. Note 
that the observed volume is 19-bbls, the prediction from the approximate solution is
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pumped corrected pressure mud strain expansion expansion volume expansion Expansion volume volume volume
bbl bbl psi bbl In/In bbl bbl bbl bbl In bbl bbl bbl
0.50 0.00 0 0.000 O.OOE+00 0.000 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 0.000 O.OOE+00 0.00
1.00 0.50 128 0.429 4.94E-05 0.145 4.23E-05 3.13E-04 9.1 IE-08 4.94E-04 0.022 6.35E-06 0.60
1.50 1.00 201 0.674 7.75E-05 0.228 1.04E-04 4.92E-04 2.25E-07 7.76E-04 0.056 2.56E-05 0.96
2.00 1.50 307 1.030 1.18E-04 0.349 2.43E-04 7.52E-04 5.24E-07 1.19E-03 0.108 7.56E-05 1.49
2.50 2.00 381 1.278 1.47E-04 0.433 3.75E-04 9.33E-04 8.08E-07 1.47E-03 0.173 1.50E-04 1.89
3.00 2.50 476 1.597 1.84E-04 0.541 5.85E-04 1.17E-03 1.26E-06 1.84E-03 0.255 2.75E-04 2.39
3.50 3.00 565 1.895 2.18E-04 0.642 8.24E-04 1.38E-03 1.78E-06 2.18E-03 0.351 4.50E-04 2.89
4.00 3.50 658 2.207 2.54E-04 0.748 1.12E-03 1.61 E-03 2.41 E-06 2.54E-03 0.463 6.92E-04 3.42
4.50 4.00 742 2.489 2.86E-04 0.843 1.42E-03 1.82E-03 3.06E-06 2.87E-03 0.590 9.94E-04 3.93
5.00 4.50 808 2.710 3.12E-04 0.918 1.69E-03 1.98E-03 3.63E-06 3.13E-03 0.727 1.34E-03 4.36
5.50 5.00 869 2.915 3.35E-04 0.988 1.95E-03 2.13E-03 4.20E-06 3.36E-03 0.876 1.73E-03 4.78
6.00 5.50 945 3.170 3.64E-04 1.074 2.31 E-03 2.32E-03 4.97E-06 3.66E-03 1.037 2.23E-03 5.29
6.25 5.75 972 3.260 3.75E-04 1.105 2.44E-03 2.38E-03 5.26E-06 3.76E-03 1.120 2.47E-03 5.49
6.50 6.00 1012 3.395 3.90E-04 1.150 2.64E-03 2.48E-03 5.70E-06 3.92E-03 1.206 2.77E-03 5.76
6.75 6.25 1044 3.502 4.03E-04 1.187 2.81 E-03 2.56E-03 6.07E-06 4.04E-D3 1.295 3.07E-03 5.99
7.00 6.50 1080 3.623 4.16E-04 1.228 3.01 E-03 2.65E-03 6.49E-06 4.18E-03 1.387 3.40E-03 6.25
7.25 6.75 1117 3.747 4.31 E-04 1.270 3.22E-03 2.74E-03 6.95E-06 4.33E-03 1.482 3.76E-03 6.51
7.50 7.00 1164 3.904 4.49E-04 1.323 3.50E-03 2.85E-03 7.54E-06 4.51 E-03 1.581 4.18E-03 6.82
7.75 7.25 1191 3.995 4.59E-04 1.354 3.66E-03 2.92E-03 7.90E-06 4.61 E-03 1.683 4.55E-03 7.04
8.00 7.50 1218 4.086 4.70E-04 1.384 3.83E-03 2.98E-03 8.26E-06 4.72E-03 1.787 4.94E-03 7.27
8.25 7.75 1262 4.233 4.87E-04 1.434 4.1 IE-03 3.09E-03 8.87E-06 4.89E-03 1.894 5.43E-03 7.57
8.50 8.00 1289 4.324 4.97E-04 1.465 4.29E-03 3.16E-03 9.25E-06 4.99E-03 2.004 5.87E-03 7.81
8.75 8.25 1318 4.421 5.08E-04 1.498 4.49E-03 3.23E-03 9.67E-06 5.1 IE-03 2.117 6.34E-03 8.05
9.00 8.50 1350 4.528 5.21 E-04 1.534 4.71 E-03 3.31 E-03 1.01 E-05 5.23E-03 2.232 6.85E-03 8.31
9.25 8.75 1375 4.612 5.30E-04 1.563 4.88E-03 3.37E-03 1.05E-05 5.33E-03 2.349 7.34E-03 8.54
9.50 9.00 1412 4.736 5.44E-04 1.605 5.15E-03 3.46E-03 1.1 IE-05 5.47E-03 2.469 7.92E-03 8.83
9.75 9.25 1449 4.860 5.59E-04 1.647 5.42E-03 3.55E-03 1.17E-05 5.62E-03 2.593 8.54E-03 9.12
10.00 9.50 1508 5.058 5.81 E-04 1.714 5.87E-03 3.70E-03 1.27E-05 5.85E-03 2.721 9.32E-03 9.51
(table cont’d)
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18.83-bbls while the prediction from the exact solution is 18.999-bbls. The volume 
necessary to compress mud and the casing expansion volume are the main cause of 
this minor underestimation. In other words, the casing expansion volume decreased 
about 5.5%, and the mud compression volume decreased about 0.26%.
If the material properties are known in advance (not possible in real life) the 
exact solution equations should be used due to their simple forms when analyzing or 
predicting a LOT with model equations. However, the graphical method, introduced 
later, requires the use o f approximate equations because it is the only way to apply the 
general solution.
5.4 Comparison of Results Obtained from Model and Field Test
Each sub-system has a certain response during the LOT. For example, a linear 
relation exists between mud compression and the system response although the exact 
solution reveals an exponential relationship. This results from the fact that, the 
exponential function is very weak under the conditions attained in the system. 
Therefore, the exact and the approximate solution equations result in almost the same 
compression volume from Equation 4.3 and Equation 4.4 respectively. The same 
relationship was obtained and justified for casing expansion and borehole expansion 
volumes. The data obtained from the approximate solution o f the model given in Table
5.8 was plotted with the observed data to compare the results as shown in Figure 5.3. 
Since the borehole expansion volume is very small, it was neglected. In other words, 
the plot was obtained by the application of Equation 4.41, which is the material 
balance equation for the system.
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First, the mud compression volume is plotted against the observed pump 
pressure. Then the casing expansion volume is added to the mud compression volume. 
Finally, the leak volume is added to the previous two volumes and plotted. The 
resultant shape o f the plot is compared with the observed behavior o f the test. The 
result o f this solution procedure is shown in Figure 5.3. As can be seen from the 
figure, there is very good agreement between the predicted shape and the observed 
LOT shape. In addition, the non-linearity is observed to be due to the leak effect in the 
system. In this particular example, the leak dominates the other effects, indicating that 
there is a channel around the casing shoe. Shortly, the non-linear relationship between 
the leak volume and the pump pressure is the main reason for LOT plots showing non­
linear behavior.







-  Mud compression 
D Observed data
Casing expansion  Leak volume
Max. vol. line Min. vol. line
Figure 5.3 Comparison of model prediction versus observed data.
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5.5 Leak Size Investigations
In this work, the leak volume was evaluated by three different model 
equations, namely Poiseuille’s equation (Equation 4.31), 1-D linear Darcy flow 
equation (Equation A.47), and 1-D radial Darcy flow equation (Equation A.48). 
However, Poiseuille’s equation has adopted to use in this work because the mud cake 
thickness and the mud cake permeability under downhole conditions are generally not 
known. Also, Poiseuille’s equation derived for modeling fluid flow through a channel 
makes it possible to use flow through porous media too.
Using the data given in Tables 5.5 and 5.6, the leak volumes from the three 
models were determined and plotted as shown in Figure 5.4. Since channel size and 
mud cake properties were not known, backward solution procedure was used. The leak 
volume (8.859-bbls) was obtained as subtracting the other volumes (10.141-bbls) from 
the pumped volume (19-bbls). Using this volume, the channel size and formation 
permeability were calculated with the variation o f other properties such as mud cake 
thickness, filtrate viscosity, channel length, drilling mud viscosity, etc. For the default 
values given in Tables 5.5 and 5.6, a channel width o f 0.0207-in, a cross-sectional 
channel area o f 0.76464-W, and a formation permeability o f 0.0167-md were 
calculated. Note that the leak volumes obtained from Darcy’s equations are very close 
to each other, which is expected. The channel width and the channel area were 
obtained assuming the channel circumferences the whole casing. It is also note worthy 
that this consistency was kept while analyzing other LOT presented in the next 
chapter.
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» 1-D Darcy-radial o 1-D Darcy-linear Poiseuille-channelflow
Figure 5.4 Leak volumes from three different leak models for Well A-1.
The channel width and area variations for this LOT using different mud 
viscosities, channel length, and fractional casing circumference were determined and 
provided in Table. 5.9. The channel area changing 0.1 to over 0.7-inZ was calculated. 
The channel width inversely related to the channel area and directly related to the 
circumference length. When the circumference length o f the channel decreases ten- 
folds, the channel width increases more than twice (2.15), and the channel area 
decreases more than quadruple (4.64). Table 5.9 also summarizes the width and area 
changes for different mud viscosities and channel lengths. However, these values give 
equivalent channel size, which accounts for the leak volume. As can be seen from 
Figure 5.4, the leak volume is not a linear function of the volume pumped, indicating 
that some other effects take place. This result can also be verified and observed by 
plotting the leak volume vs. the pump pressure as shown in Figure 5.5.
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100 30 30 0.0165 0.6072 8.9
75 30 30 0.0181 0.5013 8.9
50 30 30 0.0207 0.3825 8.9
25 30 30 0.0261 0.2410 8.9
10 30 30 0.0354 0.1308 8.9
100 10 30 0.0114 0.4210 8.9
50 10 30 0.0144 0.2652 8.9
10 10 30 0.0246 0.0907 8.9
100 30 20 0.0144 0.5304 8.9
50 30 20 0.0181 0.3340 8.9
















Figure 5.5 Leak volume versus pump pressure relationship.
Since the mud compression and the casing expansion volumes are linearly 
dependent upon to the pressure response of the system (pump pressure), the leak
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volume should duplicate the test behavior with different volume values. This behavior 
was also observed for the example well data shown in Figure 5.5.
The channel size variation along with pump pressure or pumped volume gives 
an insight o f the channel development. In addition, this variation can also be verified 
by calculating the Constant D given in Equation 4.34. Table 5.10 summarizes the 
calculated values for the equivalent channel width and the Constant D from the Well 
A-1 for the different pump pressures. The channel area changes and associated leak 
volumes are also given in the table. Note that the length o f the channel in the lateral 
plane is assumed as i f  the channel were circumference the casing 100%. The 
equivalent channel width change with respect to observed pump pressure and the 
volume pumped was plotted and given as Figure. 5.6.




















@ 2207 psi 
bbl
1 201 0.0205 0.7571 0.000103 0.083 17.291
2 381 0.0194 0.7145 8.67E-05 0.264 14.583
3 565 0.0174 0.6403 6.24E-05 0.423 10.465
4 742 0.0163 0.6021 5.18E-05 0.615 8.696
5 869 0.0171 0.6307 5.96E-05 1.036 9.997
6 1012 0.0168 0.6212 5.69E-05 1.383 9.552
7 1164 0.0163 0.6019 5.18E-05 1.689 8.693
8 1289 0.0162 0.6003 5.14E-05 2.119 8.622
9 1412 0.0161 0.5961 5.03E-05 2.558 8.442
10 1522 0.0161 0.5954 5.02E-05 3.055 8.414
11 1608 0.0163 0.6016 5.17E-05 3.661 8.679
12 1704 0.0163 0.6013 5.16E-05 4.223 8.662
13 1780 0.0164 0.6052 5.27E-05 4.875 8.834
14 1881 0.0163 0.6003 5.14E-05 5.414 8.619
15 1964 0.0162 0.5996 5.12E-05 6.035 8.591
16 2053 0.0162 0.5966 5.04E-05 6.627 8.462
17 2112 0.0162 0.5963 5.12E-05 7.356 8.592
18 2183 0.0162 0.5992 5.1 IE-05 8.033 8.571
19 2207 0.0164 0.6072 5.32E-05 8.924 8.924
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As can be seen from Figure 5.6, the channel width variation versus the 
observed pressure and volume data essentially becomes constant after pumping 6-bbls 
o f  mud into the system. The channel width of the well is around 0.0163-in. However, 
initial test data up to 6-bbls indicates larger channel sizes due to the fact that the 
trapped air or the formation gas affects the test data. Additionally, the trapped air or 
the formation gas in the wellbore would behave as if  an additional flow channel were 


























0.015 0.017 0.019 
Channel width, in
0.021 0.023
4  Volume pumped-wldth ■ Pump prssure-width
Figure 5.6 Channel width change variation from the model.
The width variation against the leak volume and the leak constant (D) given in 
Table 5.10 was plotted, as shown in Figure 5.7. This plot also verifies the constant 
channel width. The trapped air effect is more evident in this plot even though the
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trapped gas was subtracted from the observed data and functions as if  there were a 
bigger channel. Therefore, higher D values are obtained at an early stage o f the test, 
which is expected. At the beginning of the test, the effect o f the trapped air increases 
the channel width a factor o f approximately 1.5. As was stated before, the channel 
sizes determined from this method do not resemble the actual downhole situation. The 
real situation might be very different than that o f the calculated. On the other hand, the 
calculated sizes will tend to behave like an equivalent flow conduit since the amount 
o f the leak volume is independent o f the channel size. In this work, the shape o f the 
flow conduit is considered to be rectangular, where actually the shape may be any 
irregular form. After this point, it will be understood that the calculated channel size is 


































A Leak volume -width □ Constant D-width
Figure 5.7 Channel width change variation from the model.
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5.6 Extrapolation to Predict Future Behavior of Test
One of the main challenges o f this work is to develop a technique that can be 
used to predict future behavior o f  a LOT by extrapolating the limited number o f data. 
In other words, what would be the behavior o f  a test, if  the test were terminated before 
the formation fracture? If  any method or technique accomplishes this objective, the 
fear o f making the formations weaker around the casing shoe will also be eliminated, 
and the result is o f importance. It is obvious that any model allowing one to predict the 
unrecorded portion of the data is an essential requirement. In this section o f the 
chapter, such a method will be introduced.
The model developed to analyze LOT behavior in this work can be used to 
achieve this objective. The general information to accomplish this prediction was 
given in this chapter under the Channel Size Investigation title. As can be seen from 
Table 5.10 and Figure 5.6, when the channel size stabilizes or converges to a constant 
value, there is no need to continue testing. In this particular example, the channel 
width converged to a constant value after pumping 6-bbls of mud into the wellbore. 
The test, however, should be run until pumping an additional 2-to-3 more barrels of 
mud (total of 8 to 9-bbls) to verify the channel size becomes constant and gives almost 
the same leak volumes at an elevated pressure value (2207-psi). The predicted 
volumes at this elevated pressure are shown in the last column o f Table 5.10. As a 
limit, 0.5 to 0.75-bbls o f difference can be used for the predicted volumes. If the 
difference is kept in consecutive four- or six-data points, the test can be terminated. 
Then extrapolation for the unrecorded portion of the test using this channel data is 
calculated with the use o f a general solution equation. Equation 4.43.
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Table 5.11 lists the results o f the predicted (from extrapolation) and observed 
data. Note that a channel width o f 0.016-in and a channel area o f O.bO-in  ̂were used to 
calculate the extrapolated prediction. Default mud viscosity o f  30-cp and channel 
length o f 30-fr were used. Note also that Table 5.10 for the same test data was not 
prepared at every recorded volume data, but each barrel pumped in; thus, its values 
slightly differ from those of Table 5.11. Calculations along with the visual observation 
o f Figures 5.6 and 5.7 revealed that the test could be terminated after pumping about a 
volume o f 9-bbls mud. As shown in Figure 5.8, the corresponding volume calculations 
from the model did not match with the observed data. The constant D was slightly 
changed to calibrate the model result with the test data. The value of 5.2x10-5 for 
constant D was chosen from Table 5.11 and used to plot Figure 5.8.
Then, setting a value o f 5.7x10-5 for the constant D, a good match between the 
observed data and the model results were obtained until the test was terminated. Main 
criterion was made based on the terminated volume, i.e., the constant D was changed 
slightly until the model gave the observed volume (9-bbls) at the test termination since 
the early data was affected by the trapped air. Doing so, the error caused by the 
trapped air was not carried to the extrapolated data. Based on this approach, the 
extrapolated values o f Table 5.11 were calculated from the model and plotted as 
shown in Figure 5.9 along with the observed data. In addition, the calibration part until 
9-bbls o f pumped volume to determine model constants is also shown on the plot. As 
can be seen from Table 5.11, extrapolated data are determined with a very good 
accuracy (around 4%), which is definitely in the acceptable range for engineering 
practices.
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Table 5.11 Calculation of extrapolated portion of data.












































0.50 0.00 0 0.000 0.000 0.000 0.000 0.000
1.00 0.50 128 0.429 0.154 -0.083 -3.2564E-04 -0.03009 -1.11081 -54.62 0.013 0.597 19.34
1.50 1.00 201 0.674 0.242 0.084 1.0433E-04 0.02059 0.76008 17.50 0.042 0.958 -4.21
2.00 1.50 307 1.030 0.369 0.101 5.4623E-05 0.01660 0.61262 9.16 0.096 1.495 -0.32
2.50 2.00 381 1.279 0.458 0.263 8.6349E-05 0.01933 0.71364 14.48 0.158 1.895 -5.23
3.00 2.50 476 1.598 0.573 0.330 6.9316E-05 0.01797 0.66324 11.63 0.248 2.418 -3.30
3.50 3.00 565 1.896 0.680 0.424 6.2536E-05 0.01736 0.64087 10.49 0.353 2.929 -2.38
4.00 3.50 658 2.209 0.791 0.500 5.4248E-05 0.01656 0.61121 9.10 0.479 3.479 -0.59
4.50 4.00 742 2.491 0.893 0.616 5.1926E-05 0.01632 0.60236 8.71 0.617 4.001 0.02
5.00 4.50 808 2.713 0.972 0.815 5.6057E-05 0.01674 0.61793 9.40 0.756 4.441 -1.31
5.50 5.00 869 2.918 1.045 1.037 5.9660E-05 0.01709 0.63090 10.01 0.904 4.867 -2.66
6.00 5.50 945 3.173 1.137 1.190 5.7239E-05 0.01686 0.62224 9.60 1.081 5.391 -1.98
6.25 5.75 972 3.264 1.169 1.317 5.8899E-05 0.01702 0.62820 9.88 1.163 5.596 -2.68
6.50 6.00 1012 3.399 1.217 1.384 5.6989E-05 0.01683 0.62134 9.56 1.263 5.879 -2.02
6.75 6.25 1044 3.506 1.256 1.488 5.7014E-05 0.01683 0.62143 9.56 1.357 6.119 -2.09
7.00 6.50 1080 3.627 1.299 1.574 5.6043E-05 0.01674 0.61788 9.40 1.460 6.386 -1.75
7.25 6.75 1117 3.752 1.344 1.655 5.4868E-05 0.01662 0.61353 9.20 1.568 6.664 -1.28
7.50 7.00 1164 3.910 1.400 1.690 5.1858E-05 0.01631 0.60210 8.70 1.695 7.005 0.07
7.75 7.25 1191 4.000 1.433 1.817 5.2603E-05 0.01639 0.60497 8.82 1.796 7.229 -0.29
8.00 7.50 1218 4.091 1.465 1.944 5.3189E-05 0.01645 0.60721 8.92 1.900 7.457 -0.58
8.25 7.75 1262 4.239 1.518 1.993 5.0933E-05 0.01621 0.59850 8.54 2.034 7.792 0.54
8.50 8.00 1289 4.330 1.551 2.119 5.1379E-05 0.01626 0.60024 8.62 2.145 8.026 0.32
8.75 8.25 1318 4.428 1.586 2.237 5.1428E-05 0.01627 0.60043 8.63 2.262 8.275 0.30
9.00 8.50 1350 4.535 1.624 2.341 5.0994E-05 0.01622 0.59874 8.55 2.387 8.546 0.54
9.25 8.75 1375 4.619 1.654 2.476 5.1458E-05 0.01627 0.60055 8.63 2.503 8.776 0.30
9.50 9.00 1412 4.744 1.699 2.557 5.031 IE-05 0.01615 0.59605 8.44 2.643 9.086 0.95
(table cont’d)
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Min. volume lineModel prediction Max. volume lineo  Observed data X Used data
Figure 5.9 Prediction of test data using model equations.
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Note that the first 26 out o f 66 recorded test data points (39%) were used to 
evaluate the channel parameters. In other words, 9-bbls out o f total 19-bbls o f data 
(47%) were used, or 1412-psi of observed pump pressure out o f total 2207-psi o f  total 
observed pump pressure (64%) was used. The rest o f the data were calculated by 
extrapolation technique using the developed mathematical model. O f course, these 
percentage numbers might change from one well to another. A general stepwise 
procedure to perform the extrapolation technique using the model is given later in this 
chapter.
5.7 Stepwise Procedure for Extrapolation Technique
The stepwise procedure used in this work to calculate extrapolated data using 
the model will be given herein. It basically stands for calculating the leak model 
parameters fi-om the observed data using model equations. Then, comparison is made 
between the observed and model result data until a good match is obtained for the 
terminated volume by changing the leak constant (D) slightly, as given in Equation 
4.34. Use of any spreadsheet program is necessary to apply the model easily. Such 
software also allows one to examine real time data analysis at each recorded data 
point. In this work, MS Excel was used to perform required calculations, 
extrapolations, and plotting the results. The detailed procedure is outlined below.
Step by step procedure:
1. Calculate mud compressibility (using Table 4.1 data and Equation 5.1),
2. Calculate total system volume prior to test (from well geometry),
3. Calculate mud compression volume (Equations 4.3 or 4.4),
4. Calculate casing expansion volume (Equation 4.15),
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5. Determine mud viscosity (if not known use 30-cp as default),
6. Assume a channel length (if not known use 30-ft as default),
7. Assume length o f channel in lateral plane (if not known use 1 as default),
8. Calculate leak volume for each recorded data (Equation 4.41),
9. Calculate constant D (Equation 4.31),
10. Calculate channel width and area (Equation 4.34),
11. Plot calculated width vs. volume pumped and pump pressure or width vs. channel 
constant (D) and leak volume (similar to Figures 5.6 and 5.7),
12. Continue plotting each calculated data point for each additional volume pumped in
13. Visualize trend o f plot,
14. Stop testing if  channel width converges to a constant value and remains constant 
after addition o f  four to six new data points,
15. Determine constant D from the stabilized data section,
16. Calculate extrapolated volumes from Equation 4.43 (exact solution) that are 
required for pumping into well at any elevated pressure, or substitute Equation 5.2 
given below for the last term o f Equation 4.42 if  approximate solution o f  model 
equation is wanted to be used.
cV„P
1
\ - — P
-1 5.2
17. Plot observed versus extrapolated data from the model,
18. Make sure that predicted and observed data matches in the later section o f the used 
data points where the test is terminated.
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CHAPTER 6
VERIFICATION OF MODEL USING FIELD DATA
This chapter explains and summarizes model verification results using field 
test data obtained from wells that were drilled in offshore Louisiana Gulf Coast, 
offshore Trinidad, offshore Alaska, and inland Montana. The lack o f necessary data to 
implement model is the main challenge. Because o f this reason, few of the collected 
LOT data could be used in this work. Some of the data not reported or not taken are 
Young’s modulus of formation, openhole length, water depth, depth reference to kelly 
bushing, formation type etc. When data are not available for a well, approximate 
values have been made in such cases and used. As can be seen tables provided in this 
chapter, some assumptions had to be made even for the analyzed data. It is worthy to 
mention that this study is the result of LOTs data furnished by Amoco, Unocal, and 
Amerada Hess companies.
Once the necessary data are established, the model is applied to analyze the 
test by means o f spreadsheet software, MS Excel. The output produced by the 
spreadsheet program includes observed data, volume correction if  necessary, stress- 
strain calculations for both casing string and openhole, mud compression volume, 
casing and borehole expansion volume, leak volume. In other words, the output lists 
the components o f material balance equation given by Equation 4.1 at every single 
data point observed. The spreadsheet program also allows one to examine real time 
data analysis, which is one o f the most important tools for a field engineer. At any 
time during real time analysis, one can control and predict the future behavior o f a test. 
The model application with real time analysis can compare the observed test results to
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the model results; consequently, it is not necessary to conduct the test until the 
pressure build up response of the system seizes by the additional mud pumping.
The model along with the spreadsheet program also makes it possible to 
evaluate equivalent channel sizes or leak volume predictions. Forecasting is possible if 
the channel width development is not progressive with time, i.e., converges to a 
constant value after one-to-two barrels o f additional drilling fluid pumped in or 
channel width stays steady with the addition o f consecutive four to six more data 
points. This result from the test is very important because it helps an engineer to 
distinguish cement channel behavior from naturally occurring fracture behavior. If  the 
cement channel were the only source o f leaks, leak parameters such as leak constant 
(D), equivalent channel width, and area would converge to a constant. Slight 
variations on these parameters are logical and acceptable due to accuracy o f pressure 
and volume readings, pump rates (desired to be constant, but may slightly change in 
reality), etc. However, these changes will not affect the channel response, and the 
channel parameters stabilize quickly. Contrary, i f  these parameters are not constant 
and changes instead of converging a constant with continued volume pumped in, this 
phenomena is not explained with existence o f a channel, but a naturally occurring 
fracture, which has opening pressure slightly more than the mud hydrostatic in the 
well. Progressive channel effect on the diagnostic plots would be a convergence to a 
constant initially; afterwards, changing the direction of tendency, i.e., channel size 
increases. This phenomenon observed when the initial mud hydrostatic is slightly less 
than the formation fracture opening pressure if  the open hole is cut by a naturally 
occurring fracture. Once the mud hydrostatic is increased in the test and overcomes
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the fracture opening pressure, development o f fracture propagation takes place. This 
propagation continues with continued pumping of mud and affects the leak parameters 
o f the model equations. Since the fluid loss rate is not constant, the model parameters 
will not be constant. As a result o f this, continuously increasing channel parameters is 
observed and calculated from the model.
Once the model parameters and constants were calculated, predictions from the 
model were performed using a limited number o f each data set as if  the test was 
terminated before the objective pressure target. The calculated data and results from 
the model have been also plotted and provided as appendices. One o f the most difficult 
tasks is to determine from the given well information whether the test results were 
capable o f validating the design parameters from predictive method or additional 
actions taken by the field engineers. Only one well (A-1) data reveals this information. 
It means that the lack o f data forces the analyzer to make assumptions.
6.1 Selected Wells and Well Parameters
The LOT data obtained from six different wells are listed in Tables 6.1, 6.2, 
and 6.3. One o f the wells Usted in the tables was squeeze cemented and re-tested, 
which was also examined by the model. Therefore, there are total o f seven tests used 
in this work. When it was mandatory to make assumptions to complete the input data 
file or to give more information, a special marker next to data, asterisk symbol (*), 
was used. Only one test (A-IR) out o f seven obeys classical LOT behavior; others are 
in non-linear characteristics. Recorded LOT data for the all tests were re-plotted and 
provided in Appendix B. The basic characteristics o f the examined wells will be 
introduced later in this chapter together with some findings from the model.
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Table 6.1 Selected wells and regions.
Location Field Block Abbreviations
Used
GOM Matagorda Island 519 A-1
GOM Matagorda Island 519 A-IR*
GOM Matagorda Island 623 A-2
GOM Garden Banks 4 AH-2
Alaska NA NA U-1
Montana NA NA U-2
Trinidad NA NA U-3
* Repeat test of A-1 after squeeze cementing.















A-1 Jan-87 14.4 0.25 11 3/4 65 100
A-IR Feb-87 14.4 0.25 11 3/4 65 100
A-2 Jun-98 14.4 0.25 9 5/8 65* 100*
AH-2 Oct-96 10 0.25 20 1451 82
U-1 Dec-93 9.2 0.25 20 102 118
U-2 Nov-88 8.45 0.25 20 0 30*
U-3 NA 8.8 0.25 20 196 86
• Assumed






















A-1 12815 15 12840 12830 66 19.5 2207
A-1R 12815 15 12840 12830 28 13 3070
A-2 8773 15* 8782 8782 28 6.75 1621
AH-2 2617 15* 2632 2632 12 2.75 295
U-1 5869 15* 5884 5884 53 14 2035
U-2 1765 15* 1780 1780 29 7.5 1350
U-3 1029 15* 1044 1044 26 7 380
* Assumed
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One of the common points o f all the tests is that none of them has data after 
shut in pump, i.e., fracture data has not been recorded. Only one test (A-1) revealed 
the expected fracture pressure. It is required to use predictive methods to determine 
approximate formation fracture pressures. Results obtained from this method other 
than wells in GOM are questionable since each region has different characteristics, 
and only correlations for GOM are available. Thus, the fracture pressures o f the wells 
from a predictive method will not be determined. In addition, no information 
regarding of the formation geology around casing shoe was notified or recorded. It is 
also unknown that the test results were satisfactory for pre-design needs or required to 
be revised or re-designed from the prediction models, except Wells A-1 and A-IR.
6.2 Model Calculations and Basic Findings
Calculations for each well were performed, and material parameters were 
determined and explained in this section. Other input data, most o f them were assumed 
or approximated from the relative calculation methods, or determined from literature, 
and the calculations were tabulated in Tables 6.4, and 6.5. However, it should be noted 
that these assumed or approximated data are not difficult to determine in the field, and 
it does not require much time or expertise for sophisticated calculation techniques. 
Most o f  them are reported in daily drilling report such as mud properties, mud cake 
properties, and solid fractions o f mud from retort analysis. As was mentioned before, 
the leak is modeled by Poiseuille’s channel flow equation. On the other hand, Darcy’s 
law can be used to model the leak too. Therefore, parameters and their values to use 
Darcy’s law were also listed in the tables even though they were not used in this 
model application.
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Table 6.4 Other input data necessary to implement the model.
Parameter Value Unit
Water fraction of mud function of mud weight fraction
Oil fraction of mud function of mud weight fraction
Solid fraction of mud function of mud weight fraction
Compressibility of water 3.00E-06 1/psl
Compressibility of oil 5.00E-06 1/psl
Compressibility of solid 2.00E-07 1/psl
Casing Young's modulus 3.00E+07 psi
Casing Poisson's ratio 0.3 d'less
Formation Young's modulus function of depth psi
Mud viscosity 30* cp
Channel length 30* ft
Channel length In lateral plane 1* fraction
Mud cake permeability 0.01* md
Filtrate viscosity 1* cp
Mud cake thickness 2* mm
Overburden gradient 1* psi/ft
Pore pressure 0.465* psi/ft
Horizontal/Vertical stress ratio 1* d'less
Formation type Stackton shale
* Assumed
As can be seen from the above table, the model requires additional data to be 
implemented. However, some o f them are dummy variables even though they are used 
in the calculations, for example, length o f channel, mud viscosity, cake permeability, 
cake thickness, and channel length in the lateral plane. The mud compressibility is a 
function of both mud density and the mud composition. If  the mud composition is not 
known, charts and equation (Equation 5.1) are available to calculate approximate 
fractions o f mud components. Formation Young's modulus is not easy to evaluate 
other than using some correlations. Likely, its effect on borehole expansion volume is 
negligible in a LOT due to short interval o f wellbore is exposed. In this work, the 
formation type was assumed Stockton shale, and the formation Young’s modulus for 
the wells were calculated using Equation 3.3 together with the data provided in Table
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3.1 as a function o f depth and confining pressure. In addition, the overburden gradient 
was assumed 1-psi/ft, and the pore pressure o f sediments was 0.465-psi/ft except one 
example well (Well U-1), which is 0.436-psi/ft provided as data with LOT. The stress 
ratio was also assumed equal to each other. In addition, the confining pressure o f the 
formation can be assumed equal to the vertical matrix stress (Gidley et al., 1989). 






















A-1 12665 5919 12695 6776 1.38E+06 2207
A-IR 12665 5919 12695 6776 1.38E+06 3070
A-2 8617 4037 8647 4610 1.24E+06 1621
AH-2 1099 1186 1774 588 8.76E+05 295
U-1 5664 2681* 5771 3090 1.14E+06 2035
U-2 1750 763 1750 987 8.51 E+05 1350
U-3 762 445 853 408 6.40E+05 380
* 0.436-psi/ft of pore pressure was used
The observed test data were plotted for each individual well and given in 
Appendix B. Plots also included the volume correction due to the trapped air or 
formation gas in the system if  it was necessary. The minimum and the maximum 
volume lines from the mud compressibility were calculated and plotted along with the 
observed test data as a quality indicator. As stated before, it is desired to have data 
points fall close to the minimum volume line. The deviation from this line indicates 
that the system is more compressible, i.e., the more leak effects. This can be also 
explained as the more energy losses since the more volume must be pumped into the 
well to get an equivalent pressure. Only the repeat test (Well A-IR) shown in Figure 
B.2 falls relatively close to the minimum volume line. The others are just around or 
slightly above the maximum volume line. The Well U-3 data points shown in Figure
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B.7 fell much below the maximum volume line, indicating a huge leak from the well 
or definite failure o f the test. In other words, around 85% o f the pumped volume were 
accounted for leaks. This loss ratio was determined throughout the test.
The mud compression volume, the casing expansion volume, the borehole 
expansion volume, and the leak volume based on the model derivation equations were 
calculated for each LOT data and listed in tables given in Appendix C together with 
the stress-strain calculations and casing and borehole displacements. As can be 
calculated from the tables in Appendix C, the ratio o f leak volume to the pumped 
volume at the last recorded data for the tests was quite different for the wells. This is 
another important result o f the model, which allows one to compare the leak effects 
relative to each other and can provide a diagnostic tool. This ratio was obtained as 
47% for Well A-1, -9% for Well A -IR  (indicating no leak), 52% for Well A-2, 59% 
for Well AH-2, 48% for Well U-1, 51% for Well U-2, and 90% for Well U-3 
(averaging 85% throughout the test).
The negative leak volume was obtained for Well A-IR due to the fact that the 
mud compressibility was calculated based on the assumption o f mud components 
fraction. However, these data were not available, and approximate fractions from the 
chart were used. The lower and upper limits for the mud component fractions’ 
variation is high, for example, the solid component for a 14.4-ppg o f mud can have 
23% to 32% o f solid component, and 24% was used in the calculations, which is 
obviously too conservative. As a result, the mud compression volume was 
overestimated, and the negative leak volumes were calculated from the material 
balance equation as shown in Table C.2. Essentially, this example also reveals that
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after the squeeze cementing, the volume loss due to leaks is negligible. Negative 
results should be interpreted as no volume losses due to leak effect. Note that before 
the repeat test, it was accounting for 47%, and after repeat test it was calculated as 
negative value (-9%), indicating that the remedial action (squeeze cementing) taken by 
the operator is successful. These results also indicate that around 50% o f leak volume 
result in non-linear test behavior, and the expected fracture pressure is far above the 
observed fracture pressure from the test. Therefore, additional action must be taken 
before resuming drilling either revising the well-design plans or re-cementing the 
casing shoe, squeeze cementing. Changing casing setting depths and mud densities are 
the other options if  squeeze cementing does not work, especially if  the observed low 
fracture pressure is due to naturally occurring fractures.
6.3 Determination of Constants in Model Equations
After making necessary calculations for each example well data, the model 
constant were calculated using the stepwise procedure given in Chapter 5. As can be 
seen from the tabulated results given in Appendix C, the borehole expansion is 
negligible and ignored along with the some other terms, which are volume required to 
compress the volumes created by the casing expansion, borehole expansion, and leak 
volume compression. In other words, the overall system is the summation o f three 
main factors, volume to compress mud, casing expansion volume, and the leak volume 
respectively. These three components account for almost 100% o f the total volume 
pumped into the well.
The model considers the volume losses as leaks either through permeable 
formation or through an available cement channel conduit (micro annulus) other than
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the mud compression and the casing expansion. In all calculations, it was assumed that 
the channel totally circumferences the casing string indicating a fraction value o f one. 
Therefore, as outlined in the stepwise procedure in Chapter 5, an equivalent channel 
size allowing the observed leak volumes to pass through channel was calculated. 
These results in terms o f leak constant (D), channel width (W), and the channel area 
(A^ g) were tabulated and submitted in Appendix D for each well.
It was mentioned before that the mud compressibility (c) and the initial 
borehole volume ( V J  were used to calculate the minimum and the maximum volume 
lines, which are quality indicators for a test. Note also that the maximum volume line 
slope is half o f the minimum volume line slope. These constants were determined and 
listed in Table 6.6 for each well. Well A-IR was the repeat test for Well A-1 due to 
cement problem, which yielded a fracture pressure o f  2,207-psi much below the 
prediction technique result. After the squeeze cement job, the desired LOP pressure 
(min 3,100-psi) was obtained and confirmed by the repeat test. Negative constants as 
shown in Table 6.6 were obtained from the model prediction due to the fact that the 
mud compressibility and the borehole voliune data were calculated approximately 
from the given mud density and borehole geometry. However, these approximations 
resulted in slightly overestimation o f the mud compression volumes at elevated 
pressures. Therefore, material balance law was violated, and negative leak volmnes 
and equivalent channel sizes were determined. In addition, after the squeeze cement 
job, the possible leak was also plugged. Both the observed test data and the model 
results indicated this situation.
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A-1 2.27E-06 1477 0.0163 0.603 5.20E-05
A-IR 2.33E-06 1477 -0.0087 -0.3223 -8.00E-06
A-2 2.27E-06 666 0.0253 0.7659 8.00E-05
AH-2 2.75E-06 935 0.0258 1.6221 3.50E-04
U-1 2.78E-06 895 0.0136 0.5702 3.40E-0S
U-2 2.78E-06 632 0.0121 0.7529 3.5E-5*
U-3 2.89E-06 371 0.0333 2.0913 7.5E-4*
* Data has not stabilized
As shown from the tables in Appendix D, these constants were calculated for 
each recorded data points. When the model requirement is fulfilled, i.e., the channel 
size converged to a constant, the calculations are stopped assuming that the test is 
terminated. The next section explains the requirements and limitations to terminate a 
test before the target pressure values.
6.4 Regenerated Plots for Field Leak-off Tests
All the examples have been re-treated as if  the tests were terminated due to 
some reasons such as equipment failure etc. Then the model was used to predict or 
forecast the unrecorded portion o f the test data and compared to the observed test 
results. The model results were plotted as shown in Appendix E along with the 
observed and the used portion o f data. The model prediction is in good agreement 
when the leak coefficient constant (D) stabilizes with each additional volume pumped. 
This stabilization was obtained all wells, but Wells U-2 and U-3, indicating the 
progressive channel development with the each pumped volume o f mud into the well. 
The channel width variation with respect to the volume pumped and the pump
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pressure and the channel width variation with the leak volume and the leak constant 
(D) were plotted and given in Appendix F.
Plots for Wells U-2 and U-3 shown in Appendix F also reveal the progressive 
channel development or late stabilization. In the case o f Well U-2, channel width did 
not converge to a constant. As stated before, the channel width changed its direction 
and increased due to the possibility o f naturally occurring fractures in the exposed 
formation. In the case o f Well U-3, although a smooth stabilization was observed 
shown in Figures F.13 and F.14, and the channel width converged to a constant at the 
end o f the test, a dominant leak effect was evident. Therefore, the pump rate was not 
sufficient, and the channel width stabilized during the late phase of the test. Note that 
all data points were used in these plots, yet no satisfactory result from the model was 
obtained.
It is also worthy to note that the effect o f the trapped air or formation gas in the 
system for Well U-3 is quite large. This situation also masked the most o f the recorded 
data points as shown in Figure B.7, causing a delay for the channel width stabilization. 
This phenomenon is important and affects the model in negative way when the 
observed data point number is limited. A naturally occurring fracture at the borehole 
was postulated for this non-stabilization behavior for Well U-2. Since how much of 
the pumped volume was not recovered for the tests, it is difficult to make certain 
judgment. However, progressive channel development was also observed and reported 
by Hazov and Hurshudov (1993). This kind o f behavior, i.e., progressive channel 
development, is the main limiting factor o f the model to make forecasting. Shortly, 
more test data is required to verify this behavior with the model. The model prediction
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for the other wells are in good agreement and closely follows the observed data at the
observed pump pressures. Such cases resulted that the tests could be terminated
earlier. The summarized results for each well are listed in Table 6.7.
Table 6.7 Comparison of termination pressures and volumes obtained from 
model with respect to observed LOT records.
1 2 3 4 5 6
Max. (2/1) Max. (5/6)
volume Terminated Ratio of observed Terminated Ratio of
Well ID pum ped volume volum es pressure pressure p ressu res
bbl bbl % psi psi %
A-1 19 9 47 2207 1412 64
A-IR 13 9.5 73 3070 2193 71
A-2 6.75 3.5 52 1621 1143 71
AH-2 2.75 1.75 64 295 250 85
U-1 13 6.75 52 2035 1589 78
U-2* 7.25 7.25 100 1350 1350 100
U-3* 6.25 6.25 100 380 380 100
* Channel parameters did not stabilized.
It is evident from the Table 6.7 that if  the channel parameters stabilize or tend 
to stay constant, the model requires around 60% o f the total volume pumped or 70% 
of the maximum observed pump pressure data to make accurate extrapolation 
predictions. This is extremely useful in areas where the operators have the fear of 
losing integrity o f formations just below the casing shoe due to fracturing. These kinds 
o f environments are generally accepted as the surface casing depth range, 800 to 4500- 
ft o f penetration. It is also unfortunate that the model could not be used in the Wells 
U-2 and U-3, which are relatively shallow- 1780 and 1044-A of TVD. However, it is 
also good sign that the model was capable to predict the observed values for the Well 
AH-2, which has 2632-ft o f penetration and fall in the surface casing setting depth
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range. As a result, to examine the depth limitation or effect on the model, it is required 
to analyze more test data taken from shallow depths.
One o f the important points o f these examples is the number o f data points 
used to observe stabilization. This varies well to well due to some effects such as 
trapped air volume in the system, the pump rates, etc. Therefore, the more the affected 
data, the more data are required to observe the stability. This situation makes it 
impossible to use this model for tests having limited number o f data points: sometimes 
total o f 5-to-8 data points are recorded in a LOT.
It can be concluded that every model results depend upon availability o f 
required data, quality of data, and assumptions o f model. Once these requirements are 
met or fulfilled, acceptable results may be determined from the models. Easy to 
implement in engineering applications (particularly for field engineers) makes a model 
useful and valuable. Such a model to analyze linear or non-linear LOT behavior is 
provided in this work.
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C H A PTE R ?
CONCLUSIONS AND RECOMMENDATIONS
A mathematical model for linear LOT behavior and also for non-linear LOT 
behavior is developed and verified using field data. This model is based upon the 
material balance theory application for the compressibility equation, together with the 
Hook law (casing expansion case), a constitutive rock model (borehole expansion 
case) and Poiseuille’s channel flow equation (similar to 1-D linear form of Darcy’s 
equation) for a flow through a micro annulus.
The model equations are derived both for the exact solution and for the 
approximate solution cases. The differences between the two solutions are examined 
and shown to be negligible in LOT applications. This study indicates that the borehole 
expansion volume (or borehole ballooning) makes a very small contribution to the 
volume pumped into the well even under extreme conditions and does not need to be 
included in LOT analysis.
The model makes it possible to observe individual sub-system effects on the 
non-linear LOT behavior. It was found that a leak volume (through casing leaks, 
cement channels, and into formation fractures) is the only source o f non-linear LOT 
behavior. The degree o f non-linearity increases with increasing leak volume. The 
model also allows for identifying the cement and formation characteristics fi'om these 
sub-systems, such as permeability o f the tested formation and equivalent channel size. 
In addition, the model postulates the existence o f naturally occurring fractures from 
the test analysis behavior. The leak model that indicates progressive equivalent 
channel size development throughout the test phase determines this behavior.
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An advantage o f the model is that it is not necessary to run a LOT until 
maximum formation fracture pressure is reached. Accurate extrapolations to obtain 
fracture pressure using the leak model parameters are possible with a limited number 
and range o f data. Therefore, the model eliminates the fear o f  losing the casing shoe 
integrity due to fracturing at the end o f the test. The use o f a constant equivalent 
channel size in the model throughout the test is the main reason for allowing 
extrapolations or early determination test parameters.
A user-interactive and user-friendly spreadsheet program has been developed 
allowing real time LOT data analysis and forecasting. The spreadsheet apphcation of 
the model requires few parameters to be known in advance, making it simple to use.
One o f  the objectives o f this study still remains undetermined. The model does 
not provide any solution or information on how to determine the leak-off pressure 
(LOP) i f  the data reveals non-linear behavior. However, it is also clear that the 
selection o f LOP is related to how much risk is undertaken by an operator.
The main disadvantages of the model are twofold. First, it requires a record of 
accurate mud volume pumped and observed pump pressure data since the model relies 
on only these observed records. Second, more data points make the analysis using this 
model easier and more reliable. This problem could also be eliminated by using high 
accuracy pressure gauges and low rate cement pumps.
Future work needed involves obtaining a large number o f actual LOT results 
for analysis with this model. Only then can the limits and the applicability o f this 
model be determined.
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A similar concept and procedure can be used to develop a model to analyze the 
behavior o f  a LOT after the shut-in period. This model may provide important results 
for hydraulic fracturing in terms of determining some fracture parameters.
The developed model can be adapted to a real time data acquisition system to 
minimize the limited number o f data requirement. This system would be helpful in 
areas where a LOT is terminated after pumping a few barrels o f drilling fluid, 
particularly in shallow sediments.
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APPENDIX A 
DERIVATION OF MODEL EQUATIONS
Presented here is derivation o f the total system compressibility equation bye 
means o f material balance theory, which is the mathematical model for an observed 
physical phenomenon from a leak-off test (LOT) for the following sub-systems and 
general solution.
A.1 Behavior of System Allowing Only Fluid Compression
The basic equation used to calculate annular pressure response due to an 
applied hydrostatic pressure change is the isothermal compressibility equation. 
Wellbore system is assumed as a totally closed or isolated borehole, indicating that 
throughout the LOT the system boundary is essentially rigid and fixed. The pressure 
change is obtained by pumping drilling fluid into the system steadily. This situation 
only consists o f drilling fluid compression in the well, and the fluid compressibility is 





In Equation A-1, the minus sign indicates an inverse relationship between the pump 
pressure and the pumped volume. It tells that if  the volume o f the drilling fluid in the 
system is decreased, the pressure of the drilling fluid increases or does the opposite. 
Therefore, the minus sign in the equation is cancelled out, and the positive sign form 
o f the equation will be used. The subscript T will be dropped while deriving following 
model equations with the understanding that temperature is kept constant in the system 
during LOT.
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Separating variables in Equation A .l gives
k = T f
Vo '  o
A.2
0
Integration o f A.2 yields
cP  =  ln(l + — )
r
A.3
Exact solution of Equation A.3 is obtained in terms of pumped volume as 
V =  V ,{e ‘' - l )
The pressure differential form of exact solution is
A.4
d P 1 1 A.5
d V  cV ,
Equation A.4 is not the familiar form o f the compressibility equation. The more useful 
form is known as the approximate solution and obtained using the relationship of 
series expansion of logarithmic function, ln(l+x)
x'*
ln(l + x) = x  + -----------+ - .
2 3 4
A.6
Using A.6 in A.3 gives





Since V/V^ is small, their squared terms will be even smaller. Thus, the approximate 
solution is written by keeping the first term as
V =  cV^P  A.8
And, the pressure differential form o f approximate solution is given by
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dp  1 A.9
(/K
A.2 Behavior of System Allowing Only Casing Expansion
Stresses acting on a uniform casing will cause strain or displacement, and 
results in volume change. Because o f symmetry, casing keeps its cylindrical shape 
when applied pressure displaces all points o f the casing wall by the same amount. 
Thus, no shearing stresses can take place on transverse planes. The principal stresses 
are called, radial (^^), tangential (<jg) (so-called hoop), and vertical (g^) (so-called 
longitudinal) stresses. Vertical stress is calculated from the condition o f plain strain 
case that indicates no strain in the vertical direction. Then, the radial and the tangential 
stresses are
_  R j P i - K P o  , R - K i P j - P o )  
R l - R f  R l - R j
A. 10
R-P,  - R l P p  R f R ^ j P ^ - P p )
CTf, =
r :  - R f R l - R -
A.11
The sign convention is that compression and contraction are positive while tension and 
elongation are negative. Since the change in pressure and stress is o f interest rather 
than the absolute value o f these parameters. Equations A. 10 and A. 11 can be rewritten 
as
A<t,
R f A P , - R^AP„  ^  R ^R ^^(A P ,-A P J
R : - R t R l - R i
A.12
hex g =
r : - R -
A.13
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In addition, if  no pressure change occurs outside o f the casing, the outer 
pressure (aPq) is dropped. Also, the pressure change in the casing (a P;) can be 
represented as AP. Then, Equations A.12 and A.13 are rewritten as
ACT A.14
R tM >
A cTo = -
 ̂ R ^ - R f  R l - R j
A.15
The equations predicting the change in the vertical or longitudinal stress can be 
derived using Hooke’s law, which relates the principal stresses and strains to each 
other using linear elasticity concept. This relationship for vertical stress is
= - ^ k z  - +  CTe)]
£j
If there is no strain in the vertical direction (plain strain case, 8z~^)» vertical
stress is obtained from A. 16 as
AcTj = v {A(T^ + AcTg) A. 17
Diametral strain on a casing is equal to tangential or radial strain. The 
diametral strain (gg) caused by a change in inside pressure is obtained from Hooke’s 
law and given in terms o f stress change by
^ d = ^ e = \ { ^ < ^ e -  )] A. 18
The radial and tangential stresses vary with radial location in the casing cross- 
section thickness. Therefore, the radial and the tangential stresses can be calculated in 
two different ways: (1) non-uniform stress distribution at the casing cross-section, and 
(2) uniform (average) stress distribution at the casing cross-section.
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A.2.1 Expansion Volume Due to Non-Uniform Stress Distribution
The radial and the tangential stresses acting on inner-casing wall can be 
calculated from the Equations A.14 and A.15 by replacing r with R . Then, the radial 
stress (ctj) and the tangential stress (^g) become
Act, = AP
The vertical stress ) is calculated from Equation A. 17 and is given as
A.19
A.20




Diametral strain (gg) is calculated from Equation A. 18. Once the diametral 
strain on the inner-casing wall is found, the casing expansion volume is calculated by
V̂ ,=trhRf [2s,+sl]
Substituting Equations A. 18, A.19, A.20, and A.21 into Equation A.22, the casing 
expansion volume is related to observed pump pressure, and it is given by
A.22
y ( l - V ^ ) - ( v  + V^) A.23
Note that since diametral strain (gg) is small, its square will be even smaller. 
Therefore, the square term of diametral strain (gg) in Equation A.22 was neglected 
while deriving Equation A.23. The pressure differential form o f Equation A.23 is a 
constant and given below
142
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
^   ____________________i____________________ A.24
R l + R - ( l - v ^ ) - ( v  +W^)
Volume needed to compress the volume created by casing expansion is obtained by 
substituting term from Equations A.23 instead o f in Equation A.8, which is
F  = cV^_,P A.25
A.2.2 Expansion Volume Due to Uniform (Average) Stress Distribution
To get the average stresses for the radial and the tangential directions, one can 
integrate Equations A.14 and A.15 from the internal radius to the external radius and 
divide by the wall thickness. Then, average radial and tangential stresses for change of 
pressure and stress including no pressure changes out side o f the casing is written as
R.
O r =
O e  =
R . + R i
R.
A.26
A P  A.27
The average vertical stress using Equations A.26 and A.27 in A. 17 becomes
CT. = -2 v   -  AP A.28
The diametral strain is written as
J ,  = = j [Ao ,  -  v { A ô ,  +  A Ô , )] A.29
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The casing expansion volume relationship to the pressure change can be obtained by 
the same analogy followed to obtain Equation A.23.
A.3 Behavior of System Allowing Only Borehole Expansion
Borehole expansion due to loading is allowed in this special case of the 
system. This means that the system is closed but the system boundary is not constant. 
In other words, the boundari expands, i.e., the overall system volume changes with 
time during the loading and increases a new value (V^+V^). Term is the volume 
increment or variable volume of the system due to the borehole expansion caused by 
the pump pressure. The strain relationship for an elastic material is given by
r  + Ar Ar j  d r  a
e  = -------- = —  o r  a s  = —  ^
r  r  r
Using Hooke’s law for an elastic-perfectly-plastic rock constitutive model, the 
following relationships between the strain and the stress, including well radius change 
(enlargement) due to the pump pressure, is written as
P  = E s  o r  d P  = E d s  o r  Jd!P =  E  J d r A.32
Integration o f Equation A.32 results in the exact solution relationship between the 
pump pressure and the wellbore displacement as
P  =  E l n ( l  +  — ) A.33
The exact solution o f the wall displacement is obtained from Equation A.32 and 
written as
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The approximate solution for the wall displacement using Equation A.6 is given by
Ar = r A.35
The volume increment (V^) due to expansion can be calculated easily using borehole 
geometry with either Equation A.34 or Equation A.35. Assuming cylindrical borehole 
enlargement, then the borehole expansion, V is stated as
A.36
Using Equation A.36 together with Equation A.34, one can get the exact solution of 
the borehole enlargement volume in the following form
IP 
, E 1 A.37




The approximate solution for the borehole enlargement volume is obtained by series 
form o f exponential function. The exponential function is given by




=1  +  — +
I P
- +  •
I P
. E  J A.40
E  2! 3! 4!
substituting Equation A.40 in Equation A.37 gives
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V, = 7àir„








Since P/E is very small, cubic powered terms and later terms can be ignored. Then the 
volume expansion becomes
P  ( P
— I”  —
E  U /
A.42
The pressure differential form o f approximate solution is
1d P A.43
The volume needed the compress the volume created hy the borehole expansion is 
obtained by substituting the volume term (V^) from Equation A.37 or Equation A.42 
instead of term in Equation A.8, and given below
V  = cV^P A.44
A.4 Behavior of System Allowing Only Leak (Filtration)
The system is closed in this case, i.e., the system volume is constant or the 
system boundary is fixed. However, the system wall allows fluid losses. The leak 
volume (Vj) can he modeled using different flow models, but the leak volume versus 
the observed pump pressure relationship is the same in all models. The only difference 
is the constant term, which has different parameters in all cases and will be given 
below. The general relationship for the leak volume for different models is
d V f = D A P d t or  Vy =  D A P  t A.45
Time (t) in Equation A.45 is the ratio of pumped volume to flow rate and written as
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d t = o r  t =  ~  A .4 6
q  q
The constant D in Equation A.45 takes the various forms depending on the used leak 
model. If  the leak is modeled by filter press equation (1-D linear Darcy flow), the 
constant D is
D = —  A.47
Ahmc
In case o f 1-D radial Darcy flow, constant D becomes
D -  A.48
A l n - ^
The term r  ̂ represents the distance from the center o f the well to outer radius o f the 
mud cake, and r^ represents the distance fi*om the center o f the well to inner radius o f 
the mad cake. Leak can also be modeled by Poiseuille’s law, which is used to model 
flow through channels. If  the channel is considered as cylindrical shape, then the 
constant D for Poiseuille equation is written as
D  =  —  A.49
8/Æ
The term L in Equation A.49 is the length o f the channel. If  the channel shape is 
considered as the rectangular form, then the constant D becomes
D = 8.7 (l 0® A .5 0
The term W in Equation A.50 is the width of the fracture, A^  ̂ is the cross-sectional 
area o f the fracture, which equals the product o f the width (W) and lateral extent o f the 
fracture. Note also that constant D in Equation A.50 is in field units.
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If the system allows only leak and drilling fluid compression, the pumped 
volume becomes
V  =  c V „ P  +  V f + c V j P  A.51
The last term on the right hand side is very small and can be neglected. Substituting 
leak volume in Equation A.51 and solving for pumped volume (V)
V =  c V P  +  D P -  +  c P ( D P - )
<1 9
Solving for the pumped volume (V) with ignoring the last term, it yields 
c V .PF  =
1 - — P
A.52
A.53
The term DP/q is less than one. Thus we can use the following relationship 
1— = y  jc" = i + x + x ^ + x ^ +... 1x1 <1
1 V  “  I I
n=0
where x=DP/q. Using A.54 in A.53 gives
V  =  cV „P (l +  — P  +
q
Rearranging A.55, it yields
V =  cV„P +
' d  '
2
' d  '
— p — p
. q  . . q  .
+ ..
2 3
P ' + c F . P ' + c P . P ^ + . . .
. 9 ; . 9 /
The pressure differential o f Equation A. 56 is written as
1d P
d V
cV„ + f ' P '
2
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A.5 Behavior of Whole System (General Solution)
The general solution of the total system is the summation of the all sub-system 
solutions developed before and stated with material balance concept by
T ota l ^ 
E n erg y )
^E nergy to  
C om press  









^Energy to" C om press
E xpand + C asing
^Casing ^ Expansion
Volume
E nergy to  ^
C om press ^Energy '
B orehole + to +
Expansion ^Leaks ^
J^olume J
E nergy to  
C om press  
L eak  
Volume
A.58
Substituting the each component equation shown on the right hand side o f Equation 
A.58, the desired solution for the total system behavior is obtained and given below.
R l + R j  
R l  - R f
+  c P
R l - R f
P r p ^ ( p Y ,  P ii + — + c P iTthr^ — 1 H----
~E E U A  E )
A.59
+ c V \  — P ^ + c V P ^ + c K T
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The last equations can be shorten and written as
V =  x P  + yP^ + z P ^  A.60
The last equation indicates that the pumped volume and observed system respond 
pressure is related to each other with a cubic polynomial function for a test no matter 
the shape o f the obtained behavior under the assumptions used to derive this equation. 
A.6 Model Solution in Differential Equation Form
A first-order differential equation given by Kreyszig (1993) is linear if  it is written as
y  +  p { x ) y  = r(x) A.61
The general solution of non-homogeneous Equation A.61 is
y(A:) = e’* +  k \  h =  ^ p {x )d x  A.62
The choice o f the value o f the constant o f  integration f p(x) dx does not matter, 
Kreyszig (1993). We can represent the independent parameter (x) with the pump 
pressure parameter (p). Then, Equation A.61 is written as
F' +  p ( p ) F  = r ( p )  A.63
The term r(p) is the summation of the borehole expansion volume (Equation 4.37) and 
the casing expansion volume (Equation 4.23) since they are only the function of 
pressure. Then, the following relationships can be written for r(p)
r ( p )  =  K  +  K ^ ,
Similarly, the tem p(p) is the summation o f the terms mud compression volume 
(Equation 4.5) and the leak volume (Equation 4.45) since they involve both pressure 
and volume. Desired relationship for p(p) is obtained as
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p{p)  = cVP + Vf =cVP + ^ P V  = nPV
Constants a, b, f, g, and n in Equations A.64 and A.65are below
A.65
a  = Inh, RCSg
R p - R f  
R l  + R l
( l - v ^ ) - ( v  + v^)
b =  l7dir„ y  =  a + - g  = A.66
n = c + -
D
The term h in Equation A.62 is evaluated as
h = jn P d p  =  —P^ A.67
The general solution for V(p) in Equation A.62 is written as
V(p) = e y " '  (fP  +  g P ^ ) d p A.68
Integrand constant in Equation A.62 is dropped since the integral is defined. It is 
unfortunate that the exponent term, exp(nPV2), is in the form of exp(axZ) and cannot 
be integrated. Therefore, analytical solution form o f the general solution is impossible. 
However, numerical integral is the only method to evaluate the general solution.
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APPENDIX B
OBSERVED LOT BEHAVIOR OF ANALYZED WELLS
WELL A-1
2500





Max. vol. lineMin. vol. lineo Observed data
: ilgure B .l Observed LO T behavior for Well A-1
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'igure B.2 Observed LOT behavior for Well A -R l.
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igure B.4 Observed LOT behavior for Well AH-2.
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igure B.6 Observed LOT behavior for Well U-2,
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o Observed data 4  Corrected for trapped a ir — Min, volume l in e  Max. volume line ]
Figure B.7 Observed LO T behavior for Well U-3.
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APPENDIX C 
VOLUME CONTRIBUTION OF EACH SUB SYSTEM
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0.50 0.00 0 0.000 O.OOOOE+00 0.000 O.OOE+00 O.OOE+00 O.OOE+00 O.OOOOE+00 0.000 O.OOE+00
1.00 0.50 128 0.429 5.2236E-05 0.154 4.48E-05 3.21 E-04 9.33E-08 5.0620E-04 0.022 6.35E-06
1.50 1.00 201 0.674 8.2026E-05 0.242 1.10E-04 5.04E-04 2.30E-07 7.9504E-04 0.056 2.56E-05
2.00 1.50 307 1.030 1.2528E-04 0.369 2.58E-04 7.70E-04 5.37E-07 1.2147E-03 0.108 7.56E-05
2.50 2.00 381 1.279 1.5548E-04 0.458 3.97E-04 9.55E-04 8.27E-07 1.5077E-03 0.173 1.50E-04
3.00 2.50 476 1.598 1.9425E-04 0.573 6.19E-04 1.19E-03 1.29E-06 1.8841 E-03 0.255 2.75E-04
3.50 3.00 565 1.896 2.3057E-04 0.680 8.72E-04 1.42E-03 1.82E-06 2.2370E-03 0.351 4.50E-04
4.00 3.50 658 2.209 2.6852E-04 0.791 1.18E-03 1.65E-03 2.47E-06 2.6058E-03 0.463 6.92E-04
4.50 4.00 742 2.491 3.0280E-04 0.893 1.50E-03 1.86E-03 3.14E-06 2.9391 E-03 0.590 9.94E-04
5.00 4.50 808 2.713 3.2974E-04 0.972 1.78E-03 2.03E-03 3.72E-06 3.201 IE-03 0.727 1.34E-03
5.50 5.00 869 2.918 3.5463E-04 1.045 2.06E-03 2.18E-03 4.30E-06 3.4433E-03 0.876 1.73E-03
6.00 5.50 945 3.173 3.8565E-04 1.137 2.44E-03 2.37E-03 5.09E-06 3.7452E-03 1.037 2.23E-03
6.25 5.75 972 3.264 3.9666E-04 1.169 2.58E-03 2.44E-03 5.38E-06 3.8525E-03 1.120 2.47E-03
6.50 6.00 1012 3.399 4.1299E-04 1.217 2.80E-03 2.54E-03 5.84E-06 4.0114E-03 1.206 2.77E-03
6.75 6.25 1044 3.506 4.2605E-04 1.256 2.98E-03 2.62E-03 6.21 E-06 4.1386E-03 1.295 3.07E-03
7.00 6.50 1080 3.627 4.4074E-04 1.299 3.19E-03 2.71 E-03 6.65E-06 4.2818E-03 1.387 3.40E-03
7.25 6.75 1117 3.752 4.5584E-04 1.344 3.41 E-03 2.80E-03 7.1 IE-06 4.4289E-03 1.482 3.76E-03
7.50 7.00 1164 3.910 4.7502E-04 1.400 3.70E-03 2.92E-03 7.72E-06 4.6158E-03 1.581 4.18E-03
7.75 7.25 1191 4.000 4.8604E-04 1.433 3.88E-03 2.99E-03 8.09E-06 4.7232E-03 1.683 4.55E-03
8.00 7.50 1218 4.091 4.9705E-04 1.465 4.05E-03 3.06E-03 8.46E-06 4.8306E-03 1.787 4.94E-03
8.25 7.75 1262 4.239 5.1501E-04 1.518 4.35E-03 3.17E-03 9.08E-06 5.0057E-03 1.894 5.43E-03
8.50 8.00 1289 4.330 5.2603E-04 1.551 4.54E-03 3.23E-03 9.47E-06 5.1132E-03 2.004 5.87E-03
8.75 8.25 1318 4.428 5.3786E-04 1.586 4.75E-03 3.31 E-03 9.90E-06 5.2286E-03 2.117 6.34E-03
9.00 8.50 1350 4.535 5.5092E-04 1.624 4.98E-03 3.39E-03 1.04E-05 5.3560E-03 2.232 6.85E-03
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17.25 16.75 2104 7.074 8.5862E-04 2.531 1.21E-02 5.28E-03 2.53E-05 8.3639E-03 7.192 3.44E-02
17.50 17.00 2112 7.101 8.6189E-04 2.541 1.22E-02 5.30E-03 2.54E-05 8.3959E-03 7.372 3.54E-02
17.75 17.25 2131 7.165 8.6964E-04 2.564 1.24E-02 5.35E-03 2.59E-05 8.4719E-03 7.553 3.66E-02
18.00 17.50 2146 7.216 8.7576E-04 2.582 1.26E-02 5.39E-03 2.63E-05 8.5318E-03 7.736 3.77E-02
18.25 17.75 2166 7.283 8.8392E-04 2.606 1.28E-02 5.44E-03 2.68E-05 8.6118E-03 7.921 3.90E-02
18.50 18.00 2183 7.341 8.9086E-04 2.627 1.30E-02 5.48E-03 2.72E-05 8.6798E-03 8.107 4.02E-02
18.75 18.25 2195 7.381 8.9576E-04 2.641 1.32E-02 5.51 E-03 2.75E-05 8.7278E-03 8.294 4.14E-02
19.00 18.50 2207 7.422 9.0066E-04 2.655 1.33E-02 5.54E-03 2.78E-05 8.7758E-03 8.482 4.25E-02
19.25 18.75 2207 7.422 9.0066E-04 2.655 1.33E-02 5.54E-03 2.78E-05 8.7758E-03 8.671 4.35E-02
19.50 19.00 2207 7.422 9.0066E-04 2.655 1.33E-02 5.54E-03 2.78E-05 8.7758E-03 8.859 4.44E-02
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0.00 0.00 0 0.000 0 0 0 O.OOE+00 0.000 0.00000 0.00000 0.000
0.50 0.50 96 0.330 96 -1250 -346 3.92E-05 0.115 0.00024 0.00038 0.055
1.00 1.00 162 0.557 162 -2110 -584 6.61 E-05 0.195 0.00041 0.00064 0.248
1.50 1.50 217 0.746 217 -2826 -783 8.86E-05 0.261 0.00054 0.00086 0.493
2.00 2.00 303 1.042 303 -3947 -1093 1.24E-04 0.364 0.00076 0.00120 0.594
2.50 2.50 395 1.358 395 -5145 -1425 1.61E-04 0.475 0.00099 0.00156 0.667
3.00 3.00 529 1.819 529 -6890 -1908 2.16E-04 0.636 0.00133 0.00209 0.544
3.50 3.50 598 2.057 598 -7789 -2157 2.44E-04 0.719 0.00150 0.00236 0.724
4.00 4.00 739 2.542 739 -9625 -2666 3.02E-04 0.889 0.00185 0.00292 0.569
4.50 4.50 880 3.028 880 -11462 -3175 3.59E-04 1.059 0.00221 0.00348 0.414
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0.00 0.00 0 0.000 0 0 0 O.OOE+00 0.000 0.00000 0.00000 0.000
0.25 0.25 57 0.086 57 -667 -183 2.10E-05 0.028 0.00010 0.00020 0.136
0.50 0.50 157 0.238 157 -1838 -504 5.78E-05 0.077 0.00029 0.00056 0.185
0.75 0.75 283 0.429 283 -3312 -909 1.04E-04 0.139 0.00052 0.00101 0.183
1.00 1.00 380 0.576 380 -4448 -1220 1.40E-04 0.186 0.00070 0.00135 0.238
1.25 1.25 483 0.732 483 -5653 -1551 1.78E-04 0.237 0.00089 0.00172 0.282
1.50 1.50 593 0.898 593 -6941 -1904 2.18E-04 0.290 0.00109 0.00211 0.311
1.75 1.75 680 1.030 680 -7959 -2184 2.50E-04 0.333 0.00125 0.00242 0.387
2.00 2.00 771 1.168 771 -9025 -2476 2.84E-04 0.378 0.00141 0.00275 0.454
2.25 2.25 831 1.259 831 -9727 -2669 3.06E-04 0.407 0.00152 0.00296 0.584
2.50 2.50 879 1.332 879 -10289 -2823 3.24E-04 0.430 0.00161 0.00313 0.738
2.75 2.75 943 1.429 943 -11038 -3028 3.47E-04 0.462 0.00173 0.00336 0.859
3.00 3.00 1009 1.529 1009 -11810 -3240 3.71 E-04 0.494 0.00185 0.00359 0.977
3.25 3.25 1086 1.646 1086 -12712 -3488 4.00E-04 0.532 0.00199 0.00387 1.072
3.50 3.50 1143 1.733 1143 -13379 -3671 4.21 E-04 0.560 0.00210 0.00407 1.208
3.75 3.75 1214 1.840 1214 -14210 -3899 4.47E-04 0.595 0.00223 0.00433 1.315
4.00 4.00 1285 1.948 1285 -15041 -4127 4.73E-04 0.629 0.00236 0.00458 1.422
4.25 4.25 1337 2.027 1337 -15650 -4294 4.92E-04 0.655 0.00245 0.00476 1.568
4.50 4.50 1383 2.097 1383 -16188 -4441 5.09E-04 0.677 0.00254 0.00493 1.726
4.75 4.75 1414 2.144 1414 -16551 -4541 5.20E-04 0.693 0.00260 0.00504 1.913
5.00 5.00 1446 2.193 1446 -16925 -4644 5.32E-04 0.708 0.00265 0.00515 2.099
5.25 5.25 1483 2.249 1483 -17358 -4763 5.46E-04 0.726 0.00272 0.00528 2.275
5.50 5.50 1527 2.316 1527 -17873 -4904 5.62E-04 0.748 0.00280 0.00544 2.436













6.00 6.00 1571 2.383 1571 -18388 -5045 5.78E-04 0.769 0.00288 0.00560 2.848
6.25 6.25 1600 2.427 1600 -18728 -5138 5.89E-04 0.784 0.00294 0.00570 3.040
6.50 6.50 1614 2.448 1614 -18892 -5183 5.94E-04 0.791 0.00296 0.00575 3.262
6.75 6.75 1621 2.459 1621 -18974 -5206 5.97E-04 0.794 0.00298 0.00578 3.498
8■D



























pumped corrected pressure mud stress stress stress strain expansion expansion strain volume
bbl bbl psi bbl psi psi psi in/in bbl bbl in/in bbl
0.00 0.00 0 0.000 0 0 0 O.OOE+00 0.000 0.00000 0.00000 0.000
0.25 0.25 35 0.090 35 -782 -224 2.42E-05 0.045 0.00043 0.00038 0.115
0.50 0.50 75 0.193 75 -1676 -480 5.18E-05 0.096 0.00091 0.00082 0.211
0.75 0.75 135 0.347 135 -3016 -864 9.32E-05 0.173 0.00164 0.00147 0.230
1.00 1.00 180 0.463 180 -4022 -1152 1.24E-04 0.231 0.00219 0.00197 0.306
1.25 1.25 225 0.578 225 -5027 -1441 1.55E-04 0.289 0.00274 0.00246 0.383
1.50 1.50 250 0.643 250 -5586 -1601 1.73E-04 0.321 0.00304 0.00273 0.536
1.75 1.75 280 0.720 280 -6256 -1793 1.93E-04 0.360 0.00341 0.00306 0.671
2.00 2.00 290 0.745 290 -6479 -1857 2.00E-04 0.372 0.00353 0.00317 0.882
2.25 2.25 295 0.758 295 -6591 -1889 2.04E-04 0.379 0.00359 0.00322 1.113
2.50 2.50 295 0.758 295 -6591 -1889 2.04E-04 0.379 0.00359 0.00322 1.363












































































0.00 0.00 0 0.000 0 0 0 O.OOE+00 0.000 0.00000 0.00000 0.000
0.75 0.25 50 0.124 50 -753 -211 2.35E-05 0.042 0.00020 0.00027 0.084
1.50 0.50 140 0.348 140 -2110 -591 6.58E-05 0.118 0.00056 0.00077 0.034
1.75 0.75 200 0.497 200 -3014 -844 9.40E-05 0.168 0.00080 0.00110 0.085
2.00 1.00 275 0.684 275 -4144 -1161 1.29E-04 0.231 0.00110 0.00151 0.085
2.25 1.25 346 0.860 346 -5214 -1460 1.63E-04 0.290 0.00139 0.00190 0.099
2.50 1.50 428 1.064 428 -6450 -1806 2.01 E-04 0.359 0.00171 0.00235 0.076
2.75 1.75 499 1.241 499 -7519 -2106 2.35E-04 0.419 0.00200 0.00274 0.090
3.00 2.00 570 1.418 570 -8589 -2406 2.68E-04 0.479 0.00228 0.00313 0.104
3.25 2.25 631 1.569 631 -9508 -2663 2.97E-04 0.530 0.00253 0.00347 0.151
3.50 2.50 693 1.724 693 -10443 -2925 3.26E-04 0.582 0.00278 0.00381 0.194
3.75 2.75 763 1.898 763 -11498 -3220 3.59E-04 0.641 0.00306 0.00419 0.211
4.00 3.00 835 2.077 835 -12583 -3524 3.93E-04 0.701 0.00335 0.00459 0.221
4.25 3.25 896 2.229 896 -13502 -3782 4.21 E-04 0.752 0.00359 0.00492 0.268
4.50 3.50 978 2.434 978 -14737 -4128 4.60E-04 0.821 0.00392 0.00537 0.245
4.75 3.75 1021 2.541 1021 -15385 -4309 4.80E-04 0.857 0.00409 0.00561 0.352
5.00 4.00 1080 2.688 1080 -16274 -4558 5.08E-04 0.907 0.00433 0.00593 0.405
5.25 4.25 1151 2.865 1151 -17344 -4858 5.41 E-04 0.967 0.00461 0.00632 0.419
5.50 4.50 1222 3.042 1222 -18414 -5158 5.74E-04 1.026 0.00490 0.00671 0.432
5.75 4.75 1263 3.144 1263 -19032 -5331 5.94E-04 1.061 0.00506 0.00694 0.545
6.00 5.00 1341 3.339 1341 -20207 -5660 6.30E-04 1.126 0.00538 0.00737 0.535
6.25 5.25 1365 3.398 1365 -20569 -5761 6.42E-04 1.146 0.00547 0.00750 0.705
6.50 5.50 1406 3.501 1406 -21187 -5934 6.61 E-04 1.181 0.00564 0.00772 0.819
6.75 5.75 1446 3.601 1446 -21790 -6103 6.80E-04 1.214 0.00580 0.00794 0.935
7.00 6.00 1487 3.703 1487 -22408 -6276 6.99E-04 1.249 0.00596 0.00817 1.048
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pumped corrected pressure mud stre ss s tre ss s tre ss strain expansion expansion strain volume
bbl bbl psi bbl psi psi psi in/in bbi bbl in/in bbl
0.375 0.000 0 0.000 0 0 0 O.OOE+00 0.000 0.00000 0.00000 0.000
0.750 0.375 150 0.271 150 -3351 -960 1.04E-04 0.130 0.00188 0.00168 -0.026
1.000 0.625 250 0.452 250 -5586 -1601 1.73E-04 0.217 0.00313 0.00281 -0.044
1.250 0.875 350 0.633 350 -7820 -2241 2.42E-04 0.303 0.00438 0.00393 -0.061
1.500 1.125 450 0.814 450 -10054 -2881 3.1 IE-04 0.390 0.00564 0.00506 -0.079
1.750 1.375 550 0.995 550 -12288 -3521 3.80E-04 0.476 0.00689 0.00618 -0.097
2.000 1.625 650 1.177 650 -14522 -4162 4.49E-04 0.563 0.00814 0.00730 -0.115
2.250 1.875 750 1.358 750 -16757 -4802 5.18E-04 0.650 0.00940 0.00843 -0.133
2.500 2.125 800 1.448 800 -17874 -5122 5.53E-04 0.693 0.01002 0.00899 -0.017
2.750 2.375 880 1.593 880 -19661 -5634 6.08E-04 0.762 0.01103 0.00989 0.019
3.000 2.625 950 1.720 950 -21225 -6083 6.56E-04 0.823 0.01190 0.01068 0.081
3.250 2.875 1000 1.811 1000 -22342 -6403 6.91 E-04 0.866 0.01253 0.01124 0.197
3.500 3.125 1045 1.893 1045 -23348 -6691 7.22E-04 0.905 0.01310 0.01174 0.327
3.750 3.375 1100 1.992 1100 -24576 -7043 7.60E-04 0.953 0.01379 0.01236 0.429
4.000 3.625 1155 2.092 1155 -25805 -7395 7.98E-04 1.001 0.01448 0.01298 0.532
4.250 3.875 1200 2.174 1200 -26811 -7683 8.29E-04 1.040 0.01504 0.01349 0.661
4.500 4.125 1205 2.183 1205 -26922 -7715 8.32E-04 1.044 0.01510 0.01354 0.898
4.750 4.375 1210 2.192 1210 -27034 -7747 8.36E-04 1.049 0.01517 0.01360 1.134
5.000 4.625 1220 2.210 1220 -27258 -7811 8.43E-04 1.057 0.01529 0.01371 1.358
5.250 4.875 1240 2.247 1240 -27704 -7939 8.56E-04 1.075 0.01554 0.01394 1.554
5.500 5.125 1245 2.256 1245 -27816 -7971 8.60E-04 1.079 0.01561 0.01399 1.791
5.750 5.375 1270 2.301 1270 -28375 -8131 8.77E-04 1.101 0.01592 0.01427 1.973
6.000 5.625 1275 2.310 1275 -28486 -8163 8.81 E-04 1.105 0.01598 0.01433 2.210











3 6.500 6.125 1305 2.365 1305 -29157 -8355 9.01 E-04 1.131 0.01636 0.01467 2.630
(/)(/) 6.750 6.375 1325 2.401 1325 -29603 -8484 9.15E-04 1.148 0.01661 0.01489 2.826
o
3 7.000 6.625 1350 2.446 1350 -30162 -8644 9.32E-04 1.170 0.01693 0.01517 3.009
O 7.250 6.875 1350 2.446 1350 -30162 -8644 9.32E-04 1.170 0.01693 0.01517 3.259
3 "
CD
7.500 7.125 1350 2.446 1350 -30162 -8644 9.32E-04 1.170 0.01693 0.01517 3.509





























































0.75 0.00 0 0.000 0 0 0 O.OOE+00 0.000 0.00000 0.00000 0.000
1.00 0.25 40 0.043 40 -894 -256 2.76E-05 0.020 0.00067 0.00060 0.187
1.25 0.50 60 0.064 60 -1341 -384 4.14E-05 0.030 0.00100 0.00090 0.405
1.50 0.75 110 0.118 110 -2458 -704 7.60E-05 0.056 0.00183 0.00164 0.577
1.75 1.00 140 0.150 140 -3128 -896 9.67E-05 0.071 0.00233 0.00209 0.779
2.00 1.25 165 0.177 165 -3686 -1056 1.14E-04 0.083 0.00275 0.00246 0.990
2.25 1.50 190 0.204 190 -4245 -1217 1.31 E-04 0.096 0.00316 0.00284 1.200
2.50 1.75 210 0.225 210 -4692 -1345 1.45E-04 0.106 0.00350 0.00314 1.419
2.75 2.00 220 0.236 220 -4915 -1409 1.52E-04 0.111 0.00366 0.00329 1.653
3.00 2.25 240 0.257 240 -5362 -1537 1.66E-04 0.121 0.00400 0.00358 1.872
3.25 2.50 250 0.268 250 -5586 -1601 1.73E-04 0.126 0.00416 0.00373 2.106
3.50 2.75 265 0.284 265 -5921 -1697 1.83E-04 0.134 0.00441 0.00396 2.332
3.75 3.00 280 0.300 280 -6256 -1793 T.93E-04 0.141 0.00466 0.00418 2.559
4.00 3.25 295 0.316 295 -6591 -1889 2.04E-04 0.149 0.00491 0.00441 2.785
4.25 3.50 305 0.327 305 -6814 -1953 2.1 IE-04 0.154 0.00508 0.00456 3.019
4.50 3.75 320 0.343 320 -7150 -2049 2.21 E-04 0.162 0.00533 0.00478 3.245
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Table D.l Calculated model parameters for Well A-1.
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0.50 0.00 0 0.000 0.000 0.000 0.000 0.000
1.00 0.50 128 0.429 0.154 -0.083 -3.2564E-04 -0.03009 -1.11081 -54.62 0.013 0.597 19.34
1.50 1.00 201 0.674 0.242 0.084 1.0433E-04 0.02059 0.76008 17.50 0.042 0.958 -4.21
2.00 1.50 307 1.030 0.369 0.101 5.4623E-05 0.01660 0.61262 9.16 0.096 1.495 -0.32
2.50 2.00 381 1.279 0.458 0.263 8.6349E-05 0.01933 0.71364 14.48 0.158 1.895 -5.23
3.00 2.50 476 1.598 0.573 0.330 6.9316E-05 0.01797 0.66324 11.63 0.248 2.418 -3.30
3.50 3.00 565 1.896 0.680 0.424 6.2536E-05 0.01736 0.64087 10.49 0.353 2.929 -2.38
4.00 3.50 658 2.209 0.791 0.500 5.4248E-05 0.01656 0.61121 9.10 0.479 3.479 -0.59
4.50 4.00 742 2.491 0.893 0.616 5.1926E-05 0.01632 0.60236 8.71 0.617 4.001 0.02
5.00 4.50 808 2.713 0.972 0.815 5.6057E-05 0.01674 0.61793 9.40 0.756 4.441 -1.31
5.50 5.00 869 2.918 1.045 1.037 5.9660E-05 0.01709 0.63090 10.01 0.904 4.867 -2.66
6.00 5.50 945 3.173 1.137 1.190 5.7239E-05 0.01686 0.62224 9.60 1.081 5.391 -1.98
6.25 5.75 972 3.264 1.169 1.317 5.8899E-05 0.01702 0.62820 9.88 1.163 5.596 -2.68
6.50 6.00 1012 3.399 1.217 1.384 5.6989E-05 0.01683 0.62134 9.56 1.263 5.879 -2.02
6.75 6.25 1044 3.506 1.256 1.488 5.7014E-05 0.01683 0.62143 9.56 1.357 6.119 -2.09
7.00 6.50 1080 3.627 1.299 1.574 5.6043E-05 0.01674 0.61788 9.40 1.460 6.386 -1.75
7.25 6.75 1117 3.752 1.344 1.655 5.4868E-05 0.01662 0.61353 9.20 1.568 6.664 -1.28
7.50 7.00 1164 3.910 1.400 1.690 5.1858E-05 0.01631 0.60210 8.70 1.695 7.005 0.07
7.75 7.25 1191 4.000 1.433 1.817 5.2603E-05 0.01639 0.60497 8.82 1.796 7.229 -0.29
8.00 7.50 1218 4.091 1.465 1.944 5.3189E-05 0.01645 0.60721 8.92 1.900 7.457 -0.58
8.25 7.75 1262 4.239 1.518 1.993 5.0933E-05 0.01621 0.59850 8.54 2.034 7.792 0.54
8.50 8.00 1289 4.330 1.551 2.119 5.1379E-05 0.01626 0.60024 8.62 2.145 8.026 0.32
8.75 8.25 1318 4.428 1.586 2.237 5.1428E-05 0.01627 0.60043 8.63 2.262 8.275 0.30
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17.00 16.50 2085 7.010 2.509 6.981 7.156 16.675 1.06
17.25 16.75 2104 7.074 2.531 7.144 7.330 16.936 1.11
17.50 17.00 2112 7.101 2.541 7.357 7.468 17.111 0.65
17.75 17.25 2131 7.165 2.564 7.521 7.646 17.375 0.73
18.00 17.50 2146 7.216 2.582 7.702 7.811 17.609 0.63
18.25 17.75 2166 7.283 2.606 7.860 7.997 17.886 0.77
18.50 18.00 2183 7.341 2.627 8.033 8.173 18.140 0.78
18.75 18.25 2195 7.381 2.641 8.228 8.332 18.354 0.57
19.00 18.50 2207 7.422 2.655 8.423 8.493 18.570 0.38
19.25 18.75 2207 7.422 2.655 8.673 8.607 18.684 -0.35

















Table D.2 Calculated model param eters for Well A -R l.













































0.00 0.00 0 0.000 0.000 0.000 0.000 0.000
0.50 0.50 96 0.330 0.115 0.055 2.8412E-04 0.02875 0.98285 45.357 -0.002 0.444 -11.217
1.00 1.00 162 0.557 0.195 0.248 3.8312E-04 0.03177 1.08583 61.161 ■0.005 0.747 -25.344
1.50 1.50 217 0.746 0.261 0.493 3.7864E-04 0.03164 1.08159 60.446 -0.010 0.997 -33.560
2.00 2.00 303 1.042 0.364 0.594 2.4496E-04 0.02737 0.93545 39.106 -0.019 1.387 -30.659
2.50 2.50 395 1.358 0.475 0.667 1.6878E-04 0.02417 0.82621 26.943 -0.032 1.802 -27.930
3.00 3.00 529 1.819 0.636 0.544 8.5762E-05 0.01929 0.65930 13.691 -0.051 2.405 -19.840
3.50 3.50 598 2.057 0.719 0.724 8.6473E-05 0.01934 0.66112 13.804 -0.067 2.709 -22.598

































































































































0.00 0.00 0 0.000 0.000 0.000 0.000 0.000
0.25 0.25 57 0.086 0.028 0.136 2.3824E-03 0.0624 1.8879 104.268 0.005 0.119 -52.49
0.50 0.50 157 0.238 0.077 0.185 5.9046E-04 0.0392 1.1859 25.843 0.025 0.340 -32.06
0.75 0.75 283 0.429 0.139 0.183 2.1538E-04 0.0280 0.8473 9.427 0.068 0.635 -15.33
1.00 1.00 380 0.576 0.186 0.238 1.5685E-04 0.0252 0.7623 6.865 0.122 0.883 -11.68
1.25 1.25 483 0.732 0.237 0.282 1.1672E-04 0.0228 0.6908 5.109 0.193 1.161 -7.09
1.50 1.50 593 0.898 0.290 0.311 8.7488E-05 0.0208 0.6275 3.829 0.285 1.473 -1.78
1.75 1.75 680 1.030 0.333 0.387 8.1255E-05 0.0202 0.6122 3.556 0.381 1.744 -0.34
2.00 2.00 771 1.168 0.378 0.454 7.3641 E-05 0.0196 0.5925 3.223 0.493 2.039 1.96
2.25 2.25 831 1.259 0.407 0.584 7.8063E-05 0.0200 0.6041 3.417 0.598 2.264 0.64
2.50 2.50 879 1.332 0.430 0.738 8.3904E-05 0.0205 0.6188 3.672 0.703 2.466 -1.37
2.75 2.75 943 1.429 0.462 0.859 8.2819E-05 0.0204 0.6161 3.625 0.830 2.721 -1.06
3.00 3.00 1009 1.529 0.494 0.977 8.0659E-05 0.0202 0.6107 3.530 0.969 2.992 -0.27
3.25 3.25 1086 1.646 0.532 1.072 7.5935E-05 0.0198 0.5986 3.323 1.129 3.307 1.77
3.50 3.50 1143 1.733 0.560 1.208 7.5467E-05 0.0198 0.5973 3.303 1.280 3.573 2.07
3.75 3.75 1214 1.840 0.595 1.315 1.457 3.892 3.78
4.00 4.00 1285 1.948 0.629 1.422 1.645 4.222 5.56
4.25 4.25 1337 2.027 0.655 1.568 1.818 4.500 5.89
4.50 4.50 1383 2.097 0.677 1.726 1.992 4.766 5.91
4.75 4.75 1414 2.144 0.693 1.913 2.149 4.986 4.97
5.00 5.00 1446 2.193 0.708 2.099 2.314 5.214 4.29
5.25 5.25 1483 2.249 0.726 2.275 2.491 5.467 4.13
5.50 5.50 1527 2.316 0.748 2.436 2.688 5.751 4.57
5.75 5.75 1557 2.361 0.763 2.626 2.865 5.989 4.15
6.00 6.00 1571 2.383 0.769 2.848 3.016 6.168 2.81
6.25 6.25 1600 2.427 0.784 3.040 3.200 6.410 2.56
6.50 6.50 1614 2.448 0.791 3.262 3.357 6.596 1.47
























Table D.4 Calculated model parameters for Well AH-2.











































0.00 0.00 0 0.000 0.000 0.000 0.000 0.000
0.25 0.25 35 0.090 0.045 0.115 3.2890E-03 0.05448 0.28525 10.673 0.012 0.147 -41.146
0.50 0.50 75 0.193 0.096 0.211 1.4063E-03 0.04104 0.21490 4.563 0.053 0.342 -31.689
0.75 0.75 135 0.347 0.173 0.230 5.6709E-04 0.03032 0.15877 1.840 0.142 0.662 -11.723
1.00 1.00 180 0.463 0.231 0.306 4.2528E-04 0.02755 0.14424 1.380 0..252 0.946 -5.420
1.25 1.25 225 0.578 0.289 0.383 3.4018E-04 0.02557 0.13390 1.104 0.394 1.261 0.883
1.50 1.50 250 0.643 0.321 0.536 3.5754E-04 0.02600 0.13614 1.160 0.525 1.489 -0.754
1.75 1.75 280 0.720 0.360 0.671 3.4216E-04 0.02562 0.13416 1.110 0.686 1.765 0.878
2.00 2.00 290 0.745 0.372 0.882 3.8021 E-04 1.234 0.812 1.930 -3.504
2.25 2.25 295 0.758 0.379 1.113 4.1913E-04 1.360 0.929 2.066 -8.158
2.50 2.50 295 0.758 0.379 1.363 4.6197E-04 1.499 1.033 2.170 -13.212
2.75 2.75 295 0.758 0.379 1.613 4.9701 E-04 1.613 1.136 2.273 -17.347
CD
Q. Table D.5 Calculated model parameters for Well U-1.
o
c





Observed Volume to (=2-4-5) Average total
3 Volume Volume pump compress Casing Leak Contant Channel Channel Leak@ leak volume Error
w pumped corrected pressure mud expansion volume D width area 2035 psi volume (=4+5+11) %
3 bbl bbl psi bbl bbl bbl in sq in bbl bbl bbl
0.00 0.00 0 0.000 0.000 0.000 0.000 0.000
0.75 0.25 50 0.124 0.042 0.084 1.6753E-03 0.04975 2.09056 177.2801 0.002 0.168 -32.826
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9.75 8.75 1803 4.492 1.514 2.744 2.146 8.152 -6.839
10.00 9.00 1823 4.542 1.531 2.927 2.231 8.304 -7.732
10.25 9.25 1843 4.592 1.548 3.111 2.318 8.458 -8.562
10.50 9.50 1874 4.669 1.574 3.257 2.421 8.664 -8.798
10.75 9.75 1894 4.719 1.591 3.440 2.511 8.821 -9.526
11.00 10.00 1915 4.772 1.608 3.620 2.604 8.984 -10.158
11.25 10.25 1935 4.821 1.625 3.803 2.697 9.144 -10.790
11.50 10.50 1945 4.846 1.634 4.020 2.777 9.257 -11.834
11.75 10.75 1958 4.879 1.644 4.227 2.863 9.386 -12.688
12.00 11.00 1966 4.899 1.651 4.450 2.941 9.491 -13.716
12.25 11.25 1976 4.924 1.660 4.666 3.023 9.607 -14.606
12.50 11.50 1986 4.949 1.668 4.883 3.106 9.723 -15.452
12.75 11.75 1996 4.974 1.676 5.100 3.190 9.840 -16.256
13.00 12.00 2006 4.999 1.685 5.316 3.274 9.957 -17.021
13.25 12.25 2021 5.036 1.697 5.516 3.367 10.101 -17.545
13.50 12.50 2035 5.071 1.709 5.719 3.460 10.240 -18.080
13.75 12.75 2035 5.071 1.709 5.969 3.529 10.309 -19.143
14.00 13.00 2035 5.071 1.709 6.219 3.598 10.378 -20.166
CD
Q .
Table D.6 Calculated model param eters for Well U-2.
o 1 2 3 4 5 6 7 8 9 10 11 12 13
T3 (4+5+11)
CDq Observed Volume to (=2-4-5) Average Predicted
3
(/) Volume Volume pump compress Casing Leak Contant Channel Channel Leak@ leak total Error
w pumped corrected pressure mud expansion volume D width area 1350 psi volume volume %
3 bbl bbl psi bbl bbl bbl In sq In bbl bbl bbl
0.000 0 0 0.000 0.000 0.000 0.000 0.000
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0.75 0.00 0 0.000 0.000 0.000 0.000 0.000
1.00 0.25 40 0.043 0.020 0.187 4.6738E-03 0.06125 0.32070 44.401 0.030 0.093 -100.000
1.25 0.50 60 0.064 0.030 0.405 3.3786E-03 0.05497 0.28782 32.096 0.090 0.185 -81.391
1.50 0.75 110 0.118 0.056 0.577 1.7473E-03 0.04412 0.23103 16.599 0.248 0.421 -75.390
1.75 1.00 140 0.150 0.071 0.779 1.3916E-03 0.04090 0.21415 13.220 0.420 0.641 -57.911
2.00 1.25 165 0.177 0.083 0.990 1.1999E-03 0.03893 0.20382 11.399 0.619 0.879 -48.745
2.25 1.50 190 0.204 0.096 1.200 1.0531 E-03 0.03727 0.19515 10.004 0.855 1.155 -41.410
2.50 1.75 210 0.225 0.106 1.419 9.6527E-04 0.03620 0.18957 9.170 1.103 1.434 -34,027
2.75 2.00 220 0.236 0.111 1.653 9.3930E-04 0.03588 0.18785 8.923 1.320 1.667 -28.322
3.00 2.25 240 0.257 0.121 1.872 8.6650E-04 0.03492 0.18287 8.232 1.620 1.998 -25.919
3.25 2.50 250 0.268 0.126 2.106 8.4235E-04 0.03460 0.18115 8.002 1.875 2.269 -20.066
3.50 2.75 265 0.284 0.134 2.332 8.0007E-04 0.03401 0.17807 7.601 2.186 2.604 -17.486
3.75 3.00 280 0.300 0.141 2.559 7.6148E-04 0.03345 0.17516 7.234 2.520 2.961 -13.199
4.00 3.25 295 0.316 0.149 2.785 7.2618E-04 0.03293 0.17241 6.899 2.876 3.341 -8.879
4.25 3.50 305 0.327 0.154 3.019 7.0706E-04 0.03264 0.17088 6.717 3.203 3.683 -4.533
4.50 3.75 320 0.343 0.162 3.245 6.7614Ë-04 0.03215 0.16835 6.423 3.600 4.105 -1.777
4.75 4.00 330 0.354 0.167 3.480 6.5903E-04 0.03188 0.16692 6.261 3.960 4.480 2.613
5.00 4.25 335 0.359 0.169 3.722 6.5352E-04 0.03179 0.16645 6.208 4.271 4.799 5.419
5.25 4.50 340 0.364 0.172 3.964 6.4770E-04 0.03170 0.16596 6.153 4.590 5.126 6.654
5.50 4.75 350 0.375 0.177 4.198 6.3130E-04 0.03143 0.16455 5.997 4.988 5.539 7.917
5.75 5.00 360 0.386 0.182 4.432 6.1561 E-04 0.03116 0.16317 5.848 5.400 5.968 10.787
6.00 5.25 365 0.391 0.184 4.674 6.0985E-04 0.03107 0.16266 5.794 5.749 6.324 13.669
6.25 5.50 370 0.397 0.187 4.917 6.0401 E-04 0.03097 0.16214 5.738 6.105 6.688 14.986
6.50 5.75 380 0.407 0.192 5.151 5.8934E-04 0.03071 0.16082 5.599 6.555 7.154 16.320
6.75 6.00 380 0.407 0.192 5.401 5.9220E-04 0.03076 0.16108 5.626 6.840 7.439 19.236
7.00 6.25 380 0.407 0.192 5.651 5.9482E-04 0.03081 0.16131 5.651 7.125 7.724 19.027
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igure E.2 Extrapolated prediction from the model for Well A-IR.
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igure E.4 Extrapolated prediction from the model for Well AH-1.
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igure E.7 Extrapolated prediction from the model for Well U-3.
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figure F.2 Equivalent channel width variation respect to leak constant.
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figure F.4 Equivalent channel width variation respect to leak constant.
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Igure F.6 Equivalent channel width variation respect to leak constant.
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figure F.8 Equivalent channel width variation respect to leak constant.
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'igure F.9 Equivalent channel width variation during the test.
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'igure F.IO Equivalent channel width variation respect to leak constant.
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i'igure F.12 Equivalent channel width variation respect to leak constant.
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igure F.14 Equivalent channel width variation respect to leak constant.
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